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Abstract 
Magnetic Janus Particles and Their Applications 
by 
Bin Ren 
 
Advisor: Ilona Kretzschmar 
 
Magnetic properties are important since they enable the manipulation of particle behavior 
remotely and therefore provide the means to direct a particle’s orientation and translation. 
Magnetic Janus particles combine magnetic properties with anisotropy and thus are potential 
building blocks for complex structures that can be assembled from a particle suspension and can 
be directed by external fields. In this thesis, a method for the fabrication of three types of 
magnetic Janus particles with distinct magnetic properties is introduced, the assembly behavior 
of magnetic Janus particles in external magnetic and electric fields is systematically studied, and 
two potential applications of magnetic Janus particles are successfully tested. 
Janus particles with different magnetic properties are fabricated by varying the deposition 
rate of iron in an Ar/O2 atmosphere using physical vapor deposition (PVD). The extent of 
oxidation for each type of iron oxide is precisely controlled by the time it is exposed to the Ar/O2 
atmosphere during deposition. Two of the three magnetic Janus particles produced show distinct 
assembly behavior into staggered and double chain structures, whereas the third shows no 
assembly behavior under an external magnetic field. The effect of the iron oxide cap thickness (≤ 
50 nm) on the Janus particle assembly behavior is studied resulting in a deposition rate diagram 
that shows the relationship between the assembly behavior and the deposition rate. The cap 
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materials for staggered chain, double chain, and no assembly behavior are assigned as Fe1-xO, 
Fe3O4, and Fe2O3, respectively, based on optical appearance and physical properties. The 
assignment is further confirmed by in-depth material characterization with scanning and 
transmission electron microscopy, atomic force microscopy, energy-dispersive X-ray 
spectroscopy, and X-ray photoelectron spectroscopy. The magnetic hardness of the iron oxides is 
tested using the magneto-optic Kerr effect.  
The assembly behavior of Fe3O4-capped Janus particles is studied in overlapping parallel 
and perpendicular AC electric and magnetic fields. The chains formed by Fe3O4-capped 
magnetic Janus particles show contraction behavior of ~30%, which suggests their application as 
an in situ viscometer. The chain contraction rate is found to depend on the viscosity of the liquid 
as well as the size of Janus particles and an in situ micro-viscometer is realized. Further, the 
magnetic dipole-dipole interactions of Fe1-xO and Fe3O4-capped Janus particles are studied by 
analyzing the particle-particle interaction force and energy during the process of Janus particle 
doublet formation. Using the magnetic particle interaction energy, the magnetization of each iron 
oxide cap is determined and found to be in excellent agreement with magnetization values 
obtained using standard SQUID measurements suggesting the application of magnetic Janus 
particles as a micro-magnetometer.  
In summary, three types of magnetic Janus particles with distinct magnetic properties have 
been fabricated and show versatile assembly behaviors that make them useful basic building 
blocks for complex structures and applications. For example, magnetic Janus particles can be 
used to measure the viscosity of a fluid or the magnetic property of a thin film cap material. It is 
likely that other interesting applications will emerge, when Janus particles of various sizes and/or 
patchy particles with magnetic properties are combined and explored. 
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Chapter 1 
Introduction 
Janus particles (JPs) are multifunctional particles with material anisotropy that 
combine two distinct properties into a single particle. JPs provide us with the ability to 
complete challenging tasks that would be impossible with isotropic particles. For 
example, a Janus particle may have the ability to stabilize an interface, while at the same 
time providing the means to perform a catalytic reaction on some part of its surface. 
Instilling material anisotropy and thereby multi-functionality in a single particle has 
paved the way to an entirely new and exciting era of materials research.  
The focus of this thesis is on Janus particles with magnetic properties. Magnetic 
properties are important since they enable the manipulation of particle behavior remotely 
and therefore provide the means to direct the particle’s orientation and translation. 
Magnetic JPs have been tested as rheological probes
1
 and shown to assemble into 
staggered and double chain structures in the presence of magnetic fields;
2
 however, the 
parameters that dictate the assembly behavior have not been uncovered, yet. The 
addressability of JPs with external fields on the one hand and the ability to form lasting 
structures even when the external field is removed, have led to numerous proposals of 
potential JP applications. JPs with ferromagnetic or paramagnetic properties of various 
anisotropic shapes, for example, have been proposed to have potential application in 
probing the rheology of complex fluid interfaces and the reversible directed assembly of 
particles at interfaces.
3
 Magnetic and semiconducting JPs have properties interesting for 
their application in microfluidics and as nanodelivery systems.
4
 In addition, Janus 
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particles have been proposed as new components of magnetorheological fluids.
5
 
Suspensions of magnetic and polarizable materials that change their properties as a 
function of externally applied fields have garnered the interest of many researchers owing 
to their important applications as rheological fluids.
6-10
 The change in the fluid’s 
properties results from a variation of the particle-particle interaction, which in turn 
depends on the strength and the direction of the externally applied field(s). For example, 
electrically and magnetically responsive particle fluids have found application in 
displays
11-12
 and automotive dampers
13-14
 due to the enhancement or the reduction of their 
intrinsic yield stress and elastic response during application of an external magnetic or 
electric field. Rod-shaped particles have been proven to enhance the magneto-rheological 
performance under oscillatory shear as a result of the greater induced magnetic 
moment.
15
 Janus particles represent a new class of materials with anisotropic properties 
that enable the combination of field addressability and anisotropy and are likely to show 
versatile assembly behaviors as a result of their unique dipole distribution.  
The assembly behavior of surface-anisotropic spherical colloids under geometric 
and field confinement has been well studied.
16-17
 For example, iron oxide and Au-capped 
Janus particles have been successfully assembled into chain structures in static 
magnetic
18-20
 and AC electric fields,
21-23
 respectively. In addition, the magnetic behavior 
of Ni-coated Janus particles can be tuned from ferromagnetic to superparamagnetic by 
adjusting the thickness of the Ni coating.
24
 The combination of two external fields has 
been used to control the field response of Janus-like composite particles, which reversibly 
change their chain length by controlled application of external electric and magnetic 
fields in a parallel geometry.
25
 Further, the shear stress, shear yield stress, and other 
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rheological properties of shape anisotropic particle dispersions have been shown to 
improve remarkably when an external electric field is applied.
23,26
 The motion of Ni-
coated Janus particles was synchronized by a precessing magnetic field resulting in the 
assembly of magnetic Janus spheres into micrometer-scale tubes in which the constituent 
particles rotate and oscillate continuously.
27
 This approach offers access to the in situ 
study of assembly dynamics. 
The goal of this thesis is to fabricate magnetic Janus particles with tunable magnetic 
properties, to study their assembly with the assistance of external magnetic and AC 
electric fields, and to identify and test suitable applications for magnetic Janus particles. 
The work focuses on iron oxide (FexOy) capped Janus particles owing to iron oxide’s 
magnetic, semiconducting, and non-toxic properties. Different types of iron oxide with 
distinct oxidation states are fabricated by controlling the deposition rate in the process of 
thermal evaporation. The magnetic property and response of each type of FexOy-capped 
Janus particle to an external magnetic field are expected to depend strongly on the 
oxidation state. Furthermore, the variation in magnetic dipole-dipole interactions might 
result in a distinct assembly behavior for each type of FexOy-capped Janus particle in an 
external magnetic field. Using the variation in magnetic and semiconducting properties of 
the FexOy-cap materials and the quest for suitable applications, the assembly behavior 
investigation is expanded to overlapping magnetic and AC electric fields.  
In the following, Chapter 2 presents a detailed literature review on the fabrication, 
assembly, and potential applications of magnetic Janus particles including both bulk and 
surface-modified magnetically anisotropic particles. Chapter 3 introduces the fabrication 
method for three types of FexOy-capped Janus particles (e.g., Fe1-xO, Fe3O4, and -Fe2O3) 
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through physical vapor deposition and discusses the key parameters that control the 
formation of a particular oxide. The assembly behavior of the Janus particles in a static 
magnetic field is used to distinguish the three iron oxides. Chapter 4 focuses on the 
characterization of iron oxide thin films on both the particle surface (cap) and a flat 
substrate (film). Data on surface morphology, lattice parameters for the crystal structure, 
magnetic property, and chemical composition of the various FexOy caps and films are 
provided and analyzed. Chapter 5 introduces the idea of assembling Fe3O4 Janus particles 
in overlapping external AC electric and magnetic fields with various parallel and 
perpendicular field configurations. Two potential applications of magnetic Janus particles 
are explored in Chapter 6: an in situ micro-viscometer and a micro-magnetometer. 
Theoretical models for both applications are derived and tested against experimental data. 
Chapter 7 presents the conclusions derived from this thesis and suggests future research 
directions for magnetic Janus particles. 
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Chapter 2 
Magnetically Anisotropic Particles 
Chapter 2 briefly reviews recent advances regarding magnetically anisotropic 
particles. For a detailed review of the synthesis, assembly, and application of Janus 
particles, the reader is directed to the review articles by Walther et al.
28
, Jiang et al.
29
, Lee 
et al.
30
, and Kretzschmar et al.
31
 First, the fabrication methods for magnetically 
anisotropic particles are reviewed including chemical, physical, and template-based 
approaches. Next, the assembly behavior observed and structures obtained through the 
self- or field-directed assembly of magnetically anisotropic particles are described. 
Finally, the special properties of magnetically anisotropic particles and potential 
applications of structures assembled from such particles are summarized. 
 
2.1 Fabrication of Janus Particles with Magnetic Anisotropy 
Fabrication methods for Janus particles in the micro- to nanometer size range span 
from chemical synthesis of polymeric and inorganic Janus particles to metal-capped 
Janus particles via physical vapor deposition. Despite the incredible large number of 
synthesis methods,
28
 there are four general approaches to the fabrication of Janus 
particles; (i) phase immiscibility, (ii) templating, (iii) directed deposition, and (iv) 
anisotropic precursors. When two materials are immiscible, they form an interface that 
leads to a separation of the two materials thereby providing an inherent pathway to 
material anisotropy of the resulting particle. In templating approach, part of the particle is 
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covered by a sacrificial material, while the uncovered portion of the particle is modified. 
Once modification is completed, the sacrificial template is removed. Contrarily, in 
directed deposition the functionalizing material is directed such that it only contacts the 
particle in the desired area using directional methods and external fields. Last but not 
least, the chemical route to Janus particles places the anisotropy in the chemical precursor 
and then uses its asymmetry to direct material anisotropy of the resulting particle. 
 
2.1.1 Fabrication Methods Based on Phase Immiscibility 
As mentioned above, methods that employ phase immiscibility require the use of 
two immiscible precursors. In addition, they need to be provided with enough energy to 
create the energetically expensive interface between the two fluids (e.g., emulsion and 
flame synthesis) or the interface has to be already part of the system prior to particle 
formation (e.g., microfluidics). Phase immiscibility based methods can be distinguished 
by the type of interface they employ. Liquid/liquid interfaces are often found in methods 
that involve flow or emulsification, whereas solid/liquid interfaces occur in methods with 
solid components that are partially wetted by the liquid phase. In the following, examples 
for methods employing both types of interfaces are introduced.  
Liquid/Liquid Interface 
The synthesis of Janus particles with microfluidics was one of the first methods 
used for Janus particle synthesis and involves the pinch-off of a flow of two immiscible 
fluids under laminar flow conditions to fabricate Janus particles.
32
 Doyle et al.
8
 was the 
first to use microfluidics for the fabrication of spherical Janus hydrogel particles with 
superparamagnetic properties and chemical anisotropy that are ideal candidates for tissue 
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engineering and sensing applications due to their chemical and tunable magnetic 
anisotropy. Figure 2.1 summarizes four more recently developed methods that employ 
phase immiscibility of two liquids; (i) sonochemically driven miniemulsion, (ii) 
combination of miniemulsification and sol-gel reaction, (iii) Self-ORganized 
Precipitation (SORP), and (iv) flame synthesis. 
 
Figure 2.1 (A) TEM image (left) of magnetic Janus nanoparticles obtained from 
sonochemically driven miniemulsion polymerization shown schematically on the right.
33
 
(B) TEM image of magnetic JPs (left) synthesized with and schematic drawing of a 
combined process of miniemulsification and sol-gel reaction.
34
 (C) SEM images of 
magnetic Janus particles fabricated by a polymer particle preparation method named Self-
ORganized Precipitation (SORP) shown schematically on the right.
35
 (D) TEM and 
HRTEM (right) images of structures formed in the various flame zones (flame cone, 
inner flame, and flame envelope) of the flame synthesis method.
36
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Using sonochemically driven miniemulsion polymerization, Teo et al.
33
 synthesized 
magnetic JPs composed of SiO2 and PS in which the PS portion is loaded with Fe3O4 
nanoparticles. The polymerization of the emulsion mixture is carried out by continuous 
sonication at 10 W/cm
2
 for 2 h at 60 °C. Subsequently, the solution pH is adjusted to 
about 9 by adding ammonia and the polymerization reaction is continued for another 5 h 
to obtain JPs. TEM images of the magnetic Janus particles and a schematic drawing of 
the fabrication process are depicted in Figure 2.1A. In addition, the authors show that 
Janus particles produced in this fashion can be used to form kinetically stable oil-in-water 
emulsions and that the droplets can be spontaneously broken on application of an external 
magnetic field.  
A combination of miniemulsification and sol-gel reaction was used by Wang et al.
34
 
to prepare super-paramagnetic Janus nanocomposites (PS/Fe3O4@SiO2) in which the core 
is polystyrene surrounded by a half silica shell with embedded iron oxide nanoparticles. 
A TEM image of the magnetic Janus particle and a schematic drawing of the fabrication 
process are shown in Figure 2.1B. These PS/Fe3O4@SiO2 nanoparticles possess super-
paramagnetic properties offering an innovative drug delivery platform for 
multidimensional cancer treatment as they are suitable for multimodal imaging and 
hyperthermia-induced sensitization of tumor cells. 
Yabu et al.
35
 fabricated magnetic JPs via a polymer particle preparation method 
named Self-ORganized Precipitation (SORP). In SORP, a good solvent is evaporated 
from a polymer solution containing a poor solvent of the dissolved polymer. The polymer 
molecules are precipitated as spherical particles after complete evaporation of the good 
solvent. By solvent evaporation from a tetrahydrofuran solution of PS-b-PAA-stabilized 
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γ-Fe2O3 nanoparticles, PS, and polyisoprene (PI), an aqueous dispersion of magnetic 
PS/PI Janus microparticles is obtained. The γ-Fe2O3 nanoparticles are selectively 
partitioned into the PS phase. The addressability of the Janus particles by a magnetic field 
is demonstrated with a neodymium magnet. Two SEM images of the magnetic Janus 
particles and a schematic drawing of the fabrication process are shown in Figure 2.1C. 
The flame synthesis method is used for continuous production of magnetic -
Fe2O3||SiO2 Janus nanoparticles.
36
 As shown in the first two images in Figure 2.1D, 
amorphous materials with irregular structures appear in the flame cone and develop into 
core/shell particles in the inner flame. Although the core/shell particles present crystalline 
features, the structure of these intermediate species is not easily assigned to any known 
iron oxide or iron oxide hydroxide due to a complex composition. Janus particles form in 
the flame envelope, where the temperature is around 1100 
o
C. The last two images of 
Figure 2.1D show TEM and HRTEM images of -Fe2O3||SiO2 particles. The Janus 
nanoparticle production rate of this synthetic route is around 20 mg/h, much lower than 
that for the liquid-feed flame spray synthesis,
37
 mainly because of the low feeding rate of 
reactants. However, the advantage of flame synthesis is that it results in perfect structure 
uniformity and excellent aqueous dispersibility of the resulting-Fe2O3||SiO2 Janus 
nanoparticles, whose hydrodynamic size ranges from 100 to 200 nm. It was further 
demonstrated that this type of Janus particles can also be used as partially sacrificial 
templates for creating hollow capsules, containing single magnetic cores.
36
 In addition to 
the methods summarize in Figure 2.1, Ning and coworkers
38
 reported using a Pickering-
type double emulsion to fabricate magnetic JPs. The method allows the high-yield 
synthesis of anisotropic magnetic microspheres with multi-hollow structures located on 
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one side of the spheres. First, a stable aqueous Fe3O4 dispersion in an oil-in-water 
(WF/O/W) double Pickering emulsion is generated using hydrophobic amorphous fumed 
silica and hydrophilic mesoporous silica nanoparticles to stabilize the primary inner 
WF/O droplets and outer O/W droplets, respectively. Then the polymerization of the 
middle oil phase of the double emulsions is started while applying an external magnetic 
field to direct the magnetic droplets to accumulate at one side of the sphere. Janus 
microspheres with multi-hollow structures concentrated on one side of the sphere are 
obtained after completion of the polymerization. A similar method named double in situ 
miniemulsion polymerization has been used to fabricate magnetic Janus microcapsules.
39
 
Solid/Liquid Interface 
In phase immiscibility based methods with solid/liquid interfaces, the solid particle 
is used as the nucleation site for the condensation of the liquid. Two different approaches 
have been reported for high-yield preparations of magnetic Janus particles. Zerrouki et 
al.
40
 fabricated uniform magnetic Janus particles and dumbbells (Figures 2.2A and B), as 
well as observed a variety of dynamic assembly structures in the presence of a magnetic 
 
Figure 2.2 (A) Schematic drawing and (B) optical micrographs of magnetic patchy 
particles from emulsion droplets containing magnetic nanoparticles and micron-sized 
silica beads.
40
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field. The magnetic Janus particles are fabricated using emulsion encapsulation followed 
by shrinkage through solvent evaporation with magnetic nanoparticles and larger 
micrometer silica beads in the same droplet. To make the composite particles, 
micrometer-scale silica particles and magnetic nanoparticles are dispersed in an oil phase 
and then emulsify into quasi-monodisperse emulsions. The oil phase is then extracted 
leaving behind patches of magnetic nanoparticles on either single silica particles or silica 
particle dumbbells. On single silica particles, a single magnetic patch is formed. On silica 
dumbbells, the magnetic nanoparticles form a belt around the point where the silica 
particles touch. Depending on their shape, they assemble, for example, into a novel chiral 
corkscrew structure. 
Another example is the eccentric encapsulation of magnetic cubes inside droplets of 
a reactive silane.
41
 First, micrometer-sized hematite cubes are synthesized. Then, an 
alkoxysilane with an acrylic group (3-(trimethoxysilyl) propyl methacrylate, TPM) is 
hydrolyzed and condensed using a conventional sol–gel reaction in the presence of the 
 
Figure 2.3 (A) Schematic drawing and (B) optical micrographs showing hematite cubes 
before and after their encapsulation into a polymer matrix.
41
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hematite cubes. The cubes serve as nucleation sites for the condensation of the 
hydrolyzed TPM. Spherical TPM droplets grow around the magnetic cubes as shown in 
Figures 2.3A and B. The TPM droplets grow to about twice the size of the hematite cubes 
with one hematite cube per droplet. Surface tension between the liquid TMP and the 
magnetic cubes causes one face of the hematite to protrude from the droplet. Finally, the 
TPM is polymerized by adding a radical initiator and heating for several hours. 
 
2.1.2 Fabrication Methods Based on Templating 
Templating is the oldest method to prepare Janus particles and involves the use of a 
sacrificial material to cover certain parts of the particle in order to protect it from 
modification.
42
 Historically, templating involving the partial embedding of particles into 
polymer, e.g., cellulose
42
  or PDMS,
43
 or glucose films
44
 followed by the modification of 
the exposed particle surface using electroless deposition. 
Zhang et al.
45
 were the first to report a simple sol-gel method for the one-step 
synthesis of nanoscopic JPs with a magnetic Fe3O4 head and mesoporous SiO2 body that 
uses a new form of templating. Tetraethyl orthosilicate (TEOS) is used as silica source 
and Fe3O4 NPs are used as substrate, whereas the surfactant 
hexadecyltrimethylammonium bromide (CTAB) is employed as a template. First, the 
Fe3O4 NP solution is added to a CTAB solution followed by vigorous ultrasonic 
treatment for 10 min. Next, the mixture is mechanically stirred at 40 °C in a water bath. 
Then ammonia hydroxide and TEOS are injected into the solution yielding magnetic-
mesoporous Janus particles. The aspect ratio of the Janus particle is controlled by varying 
the molar ratio of [TEOS]/[Fe3O4 NP]. A schematic drawing of the fabrication process 
CHAPTER 2. MAGNETICALLY ANISOTROPIC PARTICLES                                   13 
 
and TEM images of Fe3O4-SiO2 Janus particles with different aspect ratios are shown in 
Figure 2.4A. 
 
Figure 2.4 (A) Schematic drawing of sol-gel method and TEM images of Fe3O4-SiO2 
Janus particles with different aspect ratios.
45
 (B) Schematic drawing and TEM images of 
polymer-functionalized Janus AuNPs prepared by combining “grafting-to” and “grafting-
from” methods.46 (C) An external magnetic field orients the aluminum-capped 
MagMOON, causing its fluorescent excitation and observed emission to blink on and off 
as it rotates. A metal-capped MagMOON rotating below a highly fluorescent leaf section. 
(a) ON, (b) OFF, (c) image subtraction removes the background leaf fluorescence.
47
 (D) 
Schematic drawing and fluorescence microscopy images of magnetic Janus particle 
fabrication by microcontact printing.
48
  
 
The Li group
46
 successfully fabricated JPs with polymer brushes using top-selective 
surface modification (Figure 2.4B). End-functionalized polymers crystals are used to 
immobilize gold, magnetic, and semiconducting nanoparticles. After the polymer single 
CHAPTER 2. MAGNETICALLY ANISOTROPIC PARTICLES                                   14 
 
crystals are dissolved, Janus NPs with functionalized polymer brushes are obtained. A 
systematic study on growing polymer brushes on polymer-single-crystal-immobilized 6 
and 15 nm diameter gold nanoparticles (AuNPs) using atom transfer radical 
polymerization had been done. Janus nanoparticles with bicompartment polymer brushes, 
such as poly(ethylene oxide) (PEO)/poly(methyl methacrylate), PEO/poly(tertbutyl 
acrylate), and PEO/poly(acrylic acid) were synthesized. The top surface of the 
immobilized nanoparticle is further grafted with other polymers or nanoparticles.
4
 
 
2.1.3. Fabrication Methods Based on Directed Deposition 
Directed deposition onto a monolayer of particles is one of the simplest and most 
straight forward methods for the fabrication of Janus particles. It usually involves the 
formation of particle sub- or monolayers followed by line-of-sight physical vapor 
deposition
1,21
 or stamping.
49,50
  Kopleman et al. were the first to use line-of-sight physical 
vapor deposition to prepare magnetic Janus particles, so-called magnetic MOONs (Figure 
2.4C).
47
 
More recently, Kaufmann et al.
48
 report a versatile “sandwich” microcontact 
chemistry strategy for the preparation of bifunctional JPs including magnetic JPs. In this 
technique, the two sides of isotropic spherical particles are simultaneously modified and 
distinctively functionalized in a single step. The technique makes use of an addition 
reaction between the epoxy group on the polymer particles and functional amines in the 
ink. The reaction does not require any catalyst and proceeds at moderate temperature (20-
120 °C). Three classes of Janus particles were fabricated; (i) fluorescent Janus particles 
made using fluorescent inks, (ii) protein-binding Janus particles made using carbohydrate 
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inks, and (iii) magnetic Janus particles made using magnetic nanoparticle inks. Figure 
2.4D shows a schematic drawing of the sandwich stamping method and fluorescence 
microscopy images of magnetic Janus particles. 
 
2.1.4 Fabrication Methods Based on Anisotropic Precursors 
The Muller
28
 and Lin groups
51
 have done extensive research on fabrication of Janus 
micelles and Janus nanoparticles using anisotropic precursors. Based on the native 
properties of polymers, Janus micelles and Janus-like polymer substances have been 
obtained by crosslinking various types of polymers together and making each end of the 
micelles possess the same property. The Muller group successfully synthesized polymer-
based Janus structures, such as Janus cylinders (Figure 2.5A)
52
 and Janus discs (Figure 
2.5B).
53
 Block terpolymers SBM-1 (S44B20M36
250
) and SBM-2 (S41B14M45
119
) were used 
as precursors for the Janus cylinders.
52
 They form a lamellae-cylinder morphology in the 
bulk (Figure 2.5A(1-2)). PB core cylinders (black) are embedded at the interface of PS 
(gray) and PMMA (white) lamellae. After cross-linking the PB core, this morphology 
was retained (Figure 2.5A(3)). Thus, each PB cylinder is potentially the core of a Janus 
cylinder that has a compartmentalized shell consisting of a PS and a PMMA 
hemicylinder. Disc-like Janus structures
53
 are based on a template-assisted synthesis, 
involving crosslinking of a bulk film of a polystyrene block-polybutadiene-block-
poly(tert-butyl methacrylate) block terpolymer and subsequent sonication. 
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Figure 2.5 (A) Schematic drawing of the Janus cylinder synthesis and SEM images of 
Janus cylinders.
52
 (B) Schematic drawing of the Janus disc synthesis and TEM image of 
Janus discs.
53
 
 
The Lin group
51
 has developed a general strategy for crafting a large variety of 
functional nanocrystals with precisely controlled dimensions, composition, and 
architectures by using star-like block co-polymers as nanoreactors. This new class of co-
polymers forms unimolecular micelles that are structurally stable, which enables the 
facile synthesis of organic solvent-soluble and water-soluble nearly monodisperse 
nanocrystals with desired composition and architecture, including core–shell, Janus, and 
hollow nanostructures.  
Although none of these methods based on anisotropic precursors has been used yet 
to fabricate magnetic Janus particles, their emergence is just a matter of time and presents 
a truly large-scale approach to JP synthesis in the nanoparticle size range. Both 
approaches discussed above can be modified by grafting magnetic components into the 
micelles and lead to magnetic Janus cylinders and discs or magnetic core-shell and 
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hollow nanostructures. The precursor can be magnetic or non-magnetic with shape and/or 
surface anisotropy. The anisotropic precursor based chemical method will provide 
researchers with many options to fabricate more complex anisotropic magnetic Janus and 
patchy particles with precisely controlled binding sites that will be useful building blocks 
for the assembly of super structures such as photonic crystals.  
 
2.2 Assembly of Janus Particles with Magnetic Anisotropy 
Colloidal suspensions composed of hard spheres that are homogeneous in surface 
functionality spontaneously assemble into relatively simple and limited selections of 
close-packed crystal structures by entropy minimization. Anisotropic JPs with 
inhomogeneous properties and shapes provide more options for particle-particle 
interactions and present interesting basic building blocks for various assembly structures 
and applications.
28,54
 By controlling the physical and chemical properties as well as the 
size of the patch on the particle, crystals with various non-equilibrium structures can be 
accessed. JP assembly by experimental means requires uniform patches on the particles 
and large particle quantities. In general, assembly studies can be classified into two 
categories; (i) self-assembly and (ii) field-directed assembly.  
 
2.2.1 Self-assembly of Magnetic Janus Particles 
Self-assembly usually depends on the surface properties of the particles and the 
properties of the surrounding solution. The Granick and Luijten groups have 
characterized the self-assembly behaviors of spherical Janus particles experimentally and 
theoretically using small and large ensembles of anisotropic particles.
55-57
 Interesting 
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assembly structures have also been observed with non-magnetic Janus particles.
58
 The 
Sciortino
57
 and Glotzer
59
 groups have led major efforts on the modeling of patchy particle 
interactions. 
 
Figure 2.6 (A-B) Monte Carlo simulated clusters of Janus nanoparticles at pH 2. (C-D) 
Cryo-TEM images of clusters of PSSNa and PDMAEMA coated Janus nanoparticles at 
pH 2 with surface coverage of 14.9% and 22.2%.
60
  
 
Lattuada et al.
60
 have studied the self-assembly behavior of magnetic SiO2 JPs 
grafted with hydrophobic polystyrene sodium sulfonate (PSSNa) or 
polydimethylaminoethylmethacrylate (PDMAEMA) as depicted in Figure 2.6. The 
percentage of the JPs coated with the grafted polymer determines the particle self-
assembly behavior. Controlled cluster formation of the JPs is observed at low pH, and the 
process is reversed by restoring the pH to high values. The Monte Carlo simulation 
results indicate that cluster formation is kinetically driven rather than an equilibrium 
process, and reaches a stable cluster size due to the consumption of reactive sites (i.e., 
hydrophobic part of the Janus nanoparticle surface). 
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Colloids with predefined magnetic moments, i.e., magnetic Janus particles, that can 
freely orient in space and therefore can be thought of as models for particles with a spin 
have been investigated by Baraban et al.
61
 who observed the organization of such 
magnetic particles in a series of purely two-dimensional magic number clusters with 
certain numbers of particles. The magnetic moments associated with such particles in a 
stable cluster were found to lie strictly in plane and perpendicular to the particle surface. 
The ground state configuration of “magic number” clusters is achieved following the 
rules of compensation of the total magnetic moment and satisfies the basic principle of 
local symmetry. The typical interaction energies between particles were found to be on 
the order of kBT, which allows the particles to explore the phase space by thermally 
activated motion until a stable configuration is found. Recently, Klinkigt et al.
62
 
presented computer simulations on such cluster structures using particles with a magnetic 
dipole moment that is shifted from the center of mass towards the surface of the particle. 
They find that at a finite temperature the average cluster size changes non-monotonously 
with increase in the shift of the magnetic moment both in quasi 2D and 3D. It first 
increases, but when the dipolar moment is shifted by more than 50% from the center, the 
cluster size starts decreasing fast and reaches unity. 
 
2.2.2 Magnetic Field-directed Assembly 
Janus particles that possess stimuli-responsive properties to magnetic and/or electric 
fields can be directed to assemble into a variety of structures. The assembly behavior of 
these particles is controlled by the orientation and strength of the external field. 
Structures formed in non-equilibrium systems under an external field may be where 
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future research should focus. Magnetic and electric fields have been used for the field-
directed assembly of JPs. Electric field directed assembly of JPs and also patchy particles 
has been extensively investigated by the Velev
63,64
 and Kretzschmar groups.
65
 
At the onset of this thesis work, only Smoukov et al.
14
 and Song
31,66
 had studied 
iron and iron oxide coated polystyrene particles and their field-directed assembly 
behavior. Those preliminary studies left a number of questions regarding the parameters 
controlling the field-directed assembly and the composition of the iron oxide caps, which 
are the topic of this thesis and discussed in the following chapters. During this thesis a 
number of studies by other groups appeared that have made use of magnetic Janus 
particles, elipsoids, and rods, which are summarized briefly in this section. 
 
Figure 2.7 (A) Microtubes formed by Ni-coated Janus particles in precessing magnetic 
field.
67
 (B) Janus magnetic rods assembled into ribbon and ring.
68
 
 
Yan et al.
67
 used Ni-coated JPs and observed their assembly into micrometer tubes 
in a precessing magnetic field by synchronization of their motion (Figure 2.7A). This 
approach provides a method to observe assembly in a non-equilibrium system using 
dynamic synchronization criteria rather than static energy minimization. More recently, 
they assembled shape and surface anisotropic magnetic Janus rods coated with a 
hemicylindrical magnetic layer in a magnetic field.
68
 The magnetic Janus rods show 
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dipolar assembly, i.e., ribbon shapes, in an external magnetic field (Figure 2.7B). 
Manipulating the orientation and strength of the external magnetic field directs the 
colloidal ribbons towards ring structures, which reversibly transform back into single 
ribbons. In this assembly, inhomogeneous distributions of stress arising from constituent 
anisotropy, and new deformation modes arising from anisotropic shape, result in major 
new pathways for rational design and control.  
 
Figure 2.8 (A) Optical microscope images of Janus ellipsoids when a rotational magnetic 
field is applied. (B) Assembly of Janus ellipsoids in external magnetic field.
69
 
 
Güellet al.
69
 prepared and studied the magnetic field driven assembly of Janus 
micro-ellipsoid. Paramagnetic Janus ellipsoids are fabricated from spherical pristine 
particles with magnetic doping on the surface. The magnetic anisotropy of the particles 
influences the side-by-side interactions and determines their complex assembly in 
contrast to uniformly magnetized ellipsoids. The Janus ellipsoids display an off-centered 
rotation when a rotational magnetic field is applied (Figure 2.8A). Janus ellipsoids break 
the symmetry of the assembly due to their peculiar way of interaction and orient oblique 
with respect to the main chain direction in an external magnetic field (Figure 2.8B). 
Janus and patchy particles that possess stimuli-responsive properties to magnetic 
field can be directed to assemble into a variety of structures. The assembly behavior of 
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these particles is controlled by the orientation and strength of the external magnetic field 
and leads to a number of potential uses and applications. 
 
2.3 Application of Janus Particles with Magnetic Anisotropy 
Due to the anisotropic composition and shape of Janus particles, JPs themselves, 
their assembled structures, and the medium containing JPs exhibit novel properties that 
are distinctly different from homogeneous systems. Special properties, such as 
magnetism, catalytic activity, refractive index and conductivity, and amphiphilicity, 
strongly influence the assembly behavior of Janus particles and cause them to show 
unique properties at various interfaces.  
 
2.3.1. Microrheology 
The Kopelman group has fabricated magnetic modulated optical nanoprobes 
(MagMOONs) to probe the viscosity dependent nonlinear rotational behavior of particles 
serving as rotational nano-viscometers.
70
 Such a nano-viscometer can measure the 
kinematic viscosity from 5×10
-5
 to 3×10
-4
 m
2
/s in a rotational magnetic field. Based on 
the same microrheology, Kopelman et al.
71
 developed a torque-based asynchronous 
magnetic bead rotation (AMBR) sensor, that allows for the measurement of nanoscale 
growth dynamics of individual bacterial cells. However, the viscosity measurements 
using MagMOONs and AMBR are limited by the intensity or reflection of light from the 
particles, require very clear solutions, and involve a complex rotational magnetic field 
setup. 
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2.3.2. Micromotors 
Baraban et al.
72
 achieved directed propulsion of magnetic JPs by applying 
homogeneous and alternating magnetic fields simultaneously. To generate microscopic 
temperature gradients the frequency and magnitude of the magnetic field are “tuned” to 
match the specific composition and thickness of the magnetic cap structure in order to 
achieve an optimal absorption of the electromagnetic radiation by the metal film. Mair et 
al.
73
 used a rotational magnetic field for the near-surface maneuvering of magnetic 
nanorod swimmers and tested its application for controlled micromanipulation. 
JPs with a [Co/Pt(Pd)]5 (outermost layer Pt) multilayer stack can swim by 
decomposing H2O2 at the Pt surface, and the motion of the Janus particles at a large scale 
can thus be guided by an external magnetic field. The magnetic field not only determines 
the direction of the particle motion, but also influences the particle velocity. The 
combination of catalytic reaction and variable external magnetic field allows control of 
particle motion in situ and can potentially be applied for targeted cargo delivery.
74
 
 
2.3.3. Displays, Switches, and Targeting Agents for Drug Delivery 
Magnetic-fluorescent bifunctional Janus supraballs with poly(methyl methacrylate-
co-2-hydroxyethyl methacrylate)/CdS quantum dot polymer hybrids as one hemisphere 
and a mixture of modified Fe3O4 nanoparticles with poly(methyl methacrylate-co-2-
hydroxyethyl methacrylate)/cadmium acrylate ionomers as the other hemisphere have 
been employed as rotating beads in a magneto-driven fluorescent switch bead display 
where the bead orientation is manipulated by an external magnetic field (Figure 2.9A).
75
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Figure 2.9 (A) Magneto-responsive Janus bead display under UV irradiation and under 
daylight.
75
 (B) TEM image of the SiO2-coated 35Ag/Fe2O3 JPs, and the tagged Raji cells 
with labeled particles, the surface of the cells is completely covered by the SiO2-coated 
35Ag/Fe2O3 JPs.
76
 
 
Biocompatible, SiO2-coated, Janus-like Ag/Fe2O3 nanoparticles prepared by a one-
step, scalable flame aerosol technology are made with varying amounts of silver (Ag) to 
control the size of the Ag portion (Figure 2.9B). A nanometer thin SiO2 shell around 
these multifunctional nanoparticles leaves their morphology and magnetic and plasmonic 
properties intact but minimizes the release of toxic Ag
+
 ions from the silver surface and 
their direct contact with live cells. Hybrid plasmonic-magnetic nanoparticles possess 
properties that are attractive in bioimaging, targeted drug delivery, in vivo diagnostics, 
and therapy.
76
 
Super-paramagnetic Janus nanocomposites (SJNCs) of polystyrene/Fe3O4@SiO2 
with desired dual functionalities offer properties needed for tumor cell targeting and drug 
delivery applications.
34
 The core-Janus shell nanostructures are highly Raman-active 
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making them attractive candidates for Raman-based biosensing and bioimaging 
applications.
77
 Novel AgNPs@Fe3O4-SiO2 Janus nanorods have been confirmed to have 
antimicrobial activity against Gram-positive and -negative bacteria. AgNPs@Fe3O4-SiO2 
JNRs possess high magnetic moments and strong affinity binding to bacteria, allowing 
more effective removal and separation of bacteria.
78
 
 
2.3.4. Emulsion Stabilizers 
JPs composed of superhydrophobic and hydrophilic surfaces when placed at an 
air/water interface act as a highly flexible superhydrophobic barrier in which the 
hydrophilic surfaces are strongly held and aligned along the interface. Janus particles 
with dual wettability form liquid marbles of anisotropic colors and magnetic properties 
and adhere strongly to the air-water interface, while acting as a flexible barrier preventing 
coalescence of water droplets. The magnetic response of JPs can be used for the 
manipulation and triggered coalescence of the liquid marbles.
79
 
 
2.4. Conclusions 
Asymmetric magnetic properties allow remote manipulation of Janus particles, 
which is very useful in many fields, such as display development, targeting and drug 
delivery, imaging, and assembly. Current studies have only explored the behavior of 
single Janus particles and their application in simple tasks. There is a need for the 
fabrication of magnetic JPs particles with well-defined magnetic properties, their in-depth 
characterization, and their collective behavior in light of new and interesting applications 
in which the Janus particles or their assemblies fulfill more complicated tasks. 
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Chapter 3 
Fabrication of Iron Oxide Janus Particles and 
Their Assembly Behavior in Magnetic Field 
 
In this chapter, the fabrication of Janus particles with a magnetizable iron oxide cap 
of controlled stoichiometric composition is reported. Thermal evaporation is used to 
deposit a thin iron oxide film onto a monolayer of polystyrene particles in the presence of 
a mixture of Ar and O2. Three distinct assembly behaviors of Janus particles are observed 
after exposure to a magnetic field. Figure 3.1 depicts schematically the three distinct 
assembly behaviors observed: (A) staggered chain, (B) double chain, and (C) no 
assembly. The assembly behavior exhibited by the Janus particles is found to depend 
strongly on the average deposition rate during the evaporation process.  
 
Figure 3.1 Schematic drawing of assembly structures observed for Janus particles with 
magnetic iron oxide caps. (A) staggered chain structure, (B) double chain structure, and 
(C) no assembly. 
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3.1 Experimental Details 
Materials. 2.4 m sulfate-terminated polystyrene (sPS) spheres are purchased from 
Invitrogen Inc. as 8 wt% dispersed in water. The as-bought sPS sphere solution is 
concentrated to 16 wt% for monolayer assembly. To concentrate the particle solution, 
500 L of 8 wt% sPS particle solution is transferred into a centrifuge tube, and spun for 5 
min at 6000 RPM. Subsequently, 250 L of the supernatant is removed, and a 16 wt% 
sPS particle solution is obtained after redispersion of particles by sonication. Microscope 
glass slides for monolayer assembly are obtained from Fisher Scientific, Inc. and cleaned 
using a 98% sulfuric acid (Acros) and Nochromix (Godax Laboratories, Inc) mixture. 
1/8"×1/8" iron (Fe) evaporation pellets (99.95%), which are used as the iron source 
during deposition, are purchased from Kurt J. Lesker Company. 3-strand tungsten wire 
baskets are used for evaporation (Ted Pella, Inc.). A custom blend of a 3:1 Ar/O2 mixture 
from Airgas Inc. is used. Silicone wells with 9 mm diameter and 0.5 mm depth used for 
magnetic field assembly are purchased from Invitrogen.  
Equipment. A sPS monolayer is fabricated using an NE-1000 programmable 
syringe pump from New Era Pump Systems, Inc. The iron oxide caps are generated by 
evaporation of iron in a bench top metal evaporator system (Cressington 308R, Ted Pella, 
Inc.) with a 3:1 Ar/O2 atmosphere at 1×10
-3
 mbar. The cap thickness is monitored with a 
quartz crystal microbalance inside the evaporator using a density setting of (Fe2O3) = 
5.24 g/cm
3
.
80
 The deposition rate is adjusted via the filament current. The average 
deposition rate is determined using a Canon PowerShot SD870 IS digital camera 
recording the crystal balance reading as a function of time. Subsequent analysis of the 
video results in deposition thickness versus time plots. An optical microscope (Olympus 
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BX51) equipped with a UI-2240-C camera (Imaging Development Systems GmbH) is 
used to monitor the assembly of the structures under magnetic field. A scanning electron 
microscope (EVO40 Zeiss) in high resolution mode is used to image particle structures 
after magnetic field exposure. The strength of the constant magnetic field, generated by 
the U-shaped permanent magnet, is measured to be 0.008 Tesla using a Gauss Meter 
(Walker Scientific Inc. MG-3D). For the study of the influence of cap thickness, a 
NanoScope III atomic force microscope (AFM) from Digital Instruments is used to 
characterize the thickness of the iron oxide deposits left behind on the glass slides after 
particle removal. All samples are scanned using tapping mode with a scan rate of 2 Hz 
and a scan area of 12×12 m. The AFM tip is a non-magnetic silicon probe from 
NanoProbe, with a tip length of 125 m and a tapping frequency ranging from 307 to 374 
kHz. The thickness of the film is measured in three spots on each sample and values are 
reported with one standard deviation. 
 
Figure 3.2 Schematic drawing of Janus particle fabrication and magnetic field assembly 
setup. (A) Janus particle fabrication. (B) Top and (C) side view of magnetic field 
assembly setup. 
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3.2 Janus Particle Fabrication and Assembly  
Figure 3.2 shows a schematic representation of the Janus particle preparation and 
assembly process. A loosely-packed (~50% coverage) monolayer of 2.4 µm sPS particles 
is fabricated by dragging 9 µL of a 16 wt% sPS particle solution over a pretreated 
hydrophilic glass slide using a convective deposition method adapted from Prevo et al..
81
 
A dragging rate of 5 mL/min is used and adjusted, if needed, in order to account for 
variations in the ambient humidity and temperature. Three glass slides with loosely-
packed monolayers are placed on the stage underneath the tungsten filament in the 
evaporator at a distance of ~12 cm from the source (Figure 3.2A). The 3:1 Ar/O2 mixture 
is leaked into the chamber through a needle valve at a pressure of 1×10
-3
 mbar throughout 
the evaporation. We have shown in previous work that TiO2 caps form when titanium is 
evaporated in a 3:1 Ar/O2 atmosphere of 5×10
-3
 mbar.
66
 Each deposition is recorded on 
video in order to track the deposition rate. The deposition rate is varied by adjusting the 
current applied to the tungsten filament. Average deposition rates range from 0.08 to 1.5 
nm/s for experiments reported here. The iron pellet is completely melted with the shutter 
closed before the deposition starts in order to ensure a uniform deposition. 17, 34, and 50 
nm (as measured by crystal balance) of iron oxide are deposited at various average 
deposition rates in a line-of-sight geometry resulting in Janus particles with 50% surface 
coverage. The three glass slides are sonicated for 10 min in 40 mL of deionized water 
dispersing the particles evenly in the solution. The dispersion is split into two portions of 
20 mL. One portion is used to assemble the particles under a magnetic field immediately 
after the sonication. The second portion is stored in the refrigerator overnight allowing 
the Janus particles to settle. Then, 15 mL of the supernatant is removed to increase the 
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particle concentration for assembly at a four times higher volume fraction. In addition, 
the resistivity of a continuous section (2.34 cm) of the iron oxide deposit, remaining on 
the glass slide after particle removal, is measured with a two-point probe Keithley 
multimeter for every sample. Resistance values for samples with similar assembly 
behavior are then reported as an average resistance with one standard deviation.  
Figure 3.2B and C show a schematic top- and side-view of the experimental setup 
used for magnetic field assembly, respectively. 20 µL of the Janus particle solution is 
placed into a silicone well adhered to a glass slide and subsequently covered with a 
microscope cover slide to prevent evaporation. The Janus particles randomly disperse in 
the cell and the solution is allowed to equilibrate for ~1 min prior to application of the 
magnetic field. The 0.008 Tesla U-shaped permanent magnet is placed around the sample 
to induce a constant external magnetic field. Generally, samples are exposed to the 
magnetic field for 30 min and images are collected every 5 min. Structures are imaged 
near the bottom surface of the cell in order to reduce the effects of focus variations as 
structures translate in the z-direction. For some samples, assembly is monitored 
continuously at 10 frames per second. In selected cases, samples are assembled and dried 
in a silicone well and mounted onto a silicon wafer for further characterization by SEM 
after completion of solvent evaporation (~5 hours) under continuous magnetic field 
exposure.  
 
3.3 Results 
In the following section, the behavior observed for iron oxide-capped Janus 
particles in an applied magnetic field is presented in two parts: (i) the characteristic 
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assembly structure produced, after magnetic field exposure, as a function of deposition 
rate and cap thickness and (ii) the chain growth mechanism as a function of assembly 
time and Janus particle volume fraction.  
 
Figure 3.3 Cap thickness versus deposition time for iron oxide cap depositions of 50 nm. 
The various line patterns illustrate the magnetic field assembly behavior observed. 
Dashed black line: staggered chain structure, solid red line: double chain structure, and 
dash-dotted blue line: no assembly. 
 
Figure 3.3 shows the deposition thickness plotted versus deposition time for 30 iron 
oxide cap depositions of 50 nm thickness. The curves depicted are based on the videos 
taken during the deposition process (see experiment details) and correlated with the 
assembly behavior observed. The assembly of these 30 samples is found to be highly 
dependent on the deposition rate. The deposition rate curves corresponding to different 
assembly behaviors are distinguished by line type and color. Black (dashed) lines indicate 
10 samples that show a staggered chain structure (see Figure 3.1A) in their assembly, 
while red (solid) lines depict 17 samples with a double chain structure (see Figure 3.1B). 
The blue (dashed-dotted) lines are 3 samples that show no assembly in the magnetic field 
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(see Figure 3.1C). Fitting of the deposition thickness vs. time curves in Figure 3.3 with 
linear fits, reveals that particles with iron oxide caps deposited at average rates above 
0.36 nm/s exhibit a staggered chain structure, between 0.50 and 0.21 nm/s form double 
chains, and below 0.16 nm/s show no assembly. Note, at certain average deposition rates, 
i.e., between 0.36 and 0.50 nm/s as well as 0.16 and 0.21 nm/s, two assembly behaviors 
may be observed simultaneously. These regions are referred to as structural transition 
regions. 
 
Figure 3.4 Comparison of assembly behavior of JPs with cap thicknesses at 17, 34, and 
50 nm in magnetic field. Iron oxide cap deposition thickness is plotted versus deposition 
time. Dashed black line: staggered chain structure, solid red line: double chain structure, 
and dash-dotted blue line: no assembly. Open triangle: 50 nm, open circle 34 nm, and 
open square: 17 nm.  
 
To determine, if the cap thickness influences assembly behavior, Janus particles are 
created with three distinct cap thicknesses at fixed deposition rates. Figure 3.4 displays 
the deposition thickness vs. time curves obtained for iron oxide-depositions at three 
average deposition rates of 0.76 ± 0.08, 0.30 ± 0.04, and 0.15 ± 0.01 nm/s, and the 
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resulting assembly behavior for Janus particles with oxide cap thicknesses of 17, 34, and 
50 nm (crystal balance). The black (dashed), red (solid), and blue (dashed-dotted) lines 
indicate samples forming staggered chains, double chains, and no assembly, respectively. 
Triangles, circles, and squares indicate 50, 34, and 17 nm cap thickness, respectively. 
Additional analysis of the iron oxide residue left behind on the glass slide (after particle 
removal) with AFM reveals that the crystal balance accurately monitors the iron oxide 
deposition despite the variation in deposition rate (see Chapter 4 for details). AFM 
measurements for samples with 17 nm depositions yield thicknesses of 17.1 ± 0.4 nm, 
17.0 ± 0.5 nm, and 17.3 ± 0.6 nm for staggered, double, and no assembly samples, 
respectively. The 34 nm deposition samples are measured to be 34.1 ± 1.1 nm, 34.1 ± 1.1 
nm, and 34.2 ± 1.0 nm thick for staggered, double and no assembly samples, respectively. 
For 50 nm depositions, film thicknesses of 49.0 ±1.3 nm, 49.3 ± 0.9 nm, and 49.9 ± 1.0 
nm are obtained for staggered, double, and no assembly samples, respectively. However, 
it must be noted that while the cap thickness does not appear to have an effect on 
assembly behavior, it does affect the structural stability of the resulting chains (see 
below). Resistivity measurements for films obtained from iron deposited in vacuum yield 
0.10 ± 0.04 k and those deposited at average deposition rates of 0.76 ± 0.08, 0.30 ± 
0.04, and 0.15 ± 0.01 nm/s in a 3:1 Ar/O2 atmosphere result in 0.5 ± 0.2 k (staggered 
chain), 2.7 ± 0.7 k to 110 ± 50 k (double chain), and >5 M (no assembly), 
respectively. 
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Figure 3.5 Scanning electron microscopy images of particle assemblies obtained after 
complete drying of the solution under continuous exposure to the magnetic field. (A) 
Staggered chain structure, (B) double chain structure, and (C) no assembly. The scale bar 
in all three images is 5 µm. Lighter areas on the particles are iron oxide caps, darker areas 
are unmodified polystyrene particle. 
 
Figure 3.5 shows representative SEM images of dried assemblies of 2.4 m iron 
oxide capped Janus particles displaying staggered chain (Figure 3.5A), double chain 
(Figure 3.5B), and no assembly behavior (Figure 3.5C). The scale bar in all three images 
is 5µm. Bright areas on the particle surface are iron oxide caps and darker areas are 
unmodified polystyrene. The difference in contrast is due to higher electron density of 
iron oxide compared to polystyrene. Note several of the Janus particles show half-circular 
defects in their cap rim. This defect is a result of shadow effects occurring during cap 
deposition due to partial close packing of particles in the loosely packed monolayer. The 
SEM images of the staggered and double chain structures (Figure 3.5A and B) show that 
the iron oxide caps touch and are oriented towards the center of the chain, an arrangement 
that is very similar to that observed for gold-capped Janus particles when assembled in an 
AC field.
82
 In contrast to the AC field assembly, magnetic Janus particles stay assembled, 
due to their magnetization, when dried in the presence of a magnetic field, allowing for 
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identification of particle orientation. However, the convective forces present during 
drying lead to bending and shearing of the structures resulting in less ordered chain 
arrangements when compared to the straight chains observed during assembly in solution. 
This disorder is especially apparent in the staggered chain image (Figure 3.5A), where 
caps are connected to each other, but not as aligned as in the double chain sample (Figure 
3.5B). In the samples that show no assembly (Figure 3.5C), the particle caps are found to 
be randomly oriented. The particle clustering observed for the “no assembly” particles is 
caused by capillary and convective forces during drying of the solution. 
In addition to the iron oxide deposition rate, other parameters can affect the 
observed assembly behavior with respect to chain length and number of chains formed. 
The assembly time, the particle volume fraction of the particle solutions used, and the 
particle dispersion are the three major factors affecting the final chain length and the 
number of chains formed. Unsurprisingly, a higher particle volume fraction leads to 
longer chains formed in the same time period. Less uniformly dispersed particle 
solutions, i.e., containing areas with disproportionally high particle concentrations, tend 
to form longer, but fewer chains. The chain growth mechanism observed can be 
described as follows. 
Without an applied magnetic field, the iron oxide Janus particles are randomly 
oriented, show typical Brownian motion, and exist mainly as individual particles with a 
few doublets or triplets (< 5%). After the magnetic field is added, the iron oxide Janus 
particles are magnetized, and particles within a radius of ~10 µm interact with each other 
and assemble into pre-oriented doublets with angles of DC = 52 ± 3º and SC = 43 ± 7º 
for double and staggered chains, respectively. Within these particle doublets, the iron 
CHAPTER 3. FABRICATION OF IRON OXIDE JANUS PARTICLES AND             36 
THEIR ASSEMBLY BEHAVIOR IN MAGNETIC FIELD                                                                                    
oxide hemispheres are facing each other and point in alternating directions along the 
length of the chain. Particle doublets and triplets observed prior to the application of the 
magnetic field result from the adhesion of the polystyrene particles in the initial 
monolayer. The iron oxide caps in such structures are fixed in a single direction causing 
them to manifest as discontinuities or termination points in the subsequently assembled 
structures. Careful analysis of the videos obtained from optical microscopy shows that 
particles sample each other by rotating and sliding along the particle surface in an attempt 
to locate the lowest energy position (Supplementary Information, Video V1-V3 of Ref. 2). 
As the assembly process continues, the preoriented doublets connect with other single 
particles and/or doublets resulting in the formation of short chains (≤ 5 particles). 
Subsequently, the short chains and the remaining doublets and single particles further 
interact with each other to form longer chains (≥ 5 particles). The chains with more than 
5 particles are found to settle due to their increased weight. As a result, single particles 
and shorter chains move towards the settled chains. Once near a settled chain, they move 
along the chain length towards the terminus. Once there, the particle connects by 
reorienting itself to fit the overall chain structure. As particles assemble into longer chain 
structures, the distance between chains and particles exceeds the interaction range of ~10 
µm and chain formation ceases. When the solution is allowed to dry completely, the long 
chains move towards each other resulting in two-dimensional bundles of chains. The 
specific self-assembly process for both double and staggered chain structures is similar, 
but not identical due to the higher assembly speed (1.5 times on average) of the particle 
doublets in a double chain sample when compared to that of a staggered chain sample.  
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Figure 3.6 Optical microscope images showing assembled iron oxide capped Janus 
particle with cap thicknesses of 17, 34, and 50 nm (from top to bottom) obtained at 
deposition rates varying from 1 to 0.25 to 0.1 nm/s (left to right) within 25 min. The scale 
bars in all images and insets are 50 and 10µm, respectively. 
 
Figure 3.6 summarizes optical microscope images of iron oxide capped Janus 
particle assemblies after 25 min of assembly for particles with cap thicknesses of 17, 34, 
and 50 nm (from top to bottom) obtained at deposition rates varying from 1 to 0.25 to 0.1 
nm/s (left to right). A closer inspection of images as those shown in Figure 3.6A and B 
allows for the determination of a particle-particle center distance, d, and particle angle, , 
within the chain. In the staggered samples, the distance between particle centers on one 
side of the chain is dSC = 2.95 ± 0.09 m. The angle formed by two particles from one 
side with a corresponding third particle on the other side of the chain is SC’ = 80 ± 10º 
with a doublet orientation of SC’ = 50 ± 5º slightly larger than the angle measured for the 
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pre-oriented doublets, SC = 43 ± 7º. In the double chain sample the adjacent particles are 
connected to each other with the average particle-particle distance at dDC = 2.45 ± 0.05 
m, a value close to the mean particle diameter (2.4 ± 0.1 m), and an angle of DC’ = 62 
± 10º with a doublet orientation in the chain of DC’ = 59 ± 5º. 
Another important property of the chain structures is their stability during the final 
drying step, when capillary and convective forces affecting the chains are maximized. 
The double chains made from particles with 50 and 34 nm caps retain their structure 
during drying without fragmentation, while those with 17 nm caps fall apart during 
drying. Staggered chains are found to break into smaller chain fragments for each of the 
three cap thicknesses due to the shearing and the bending induced during the drying 
indicating that their magnetic interaction may be weaker.  
 
3.4 Discussion 
The three assembly configurations observed for the iron oxide Janus particles 
suggest a variation in the physical properties of the iron oxide caps. In the following, we 
identify the specific type of iron oxide as the primary cause behind these variations and 
show that the assembly behavior is controlled by systematically varying the rate with 
which iron is evaporated in a 3:1 Ar/O2 atmosphere at 1×10
-3
 mbar. For iron oxide Janus 
particles with a cap thickness of less than or equal to 50 nm, the exposure to a magnetic 
field  produces staggered chain, double chain, or no assembly behavior at average 
deposition rates of 1, 0.25, or 0.1 nm/s, respectively. The marked difference between the 
three assembly behaviors suggests that a unique variation of iron oxide is responsible for 
each final configuration. This statement is further supported by the fact that each 
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individual sample, created outside of the structural transition regions, exhibits only one 
type of assembly behavior. 
In order to determine the degree of oxidation of iron atoms traveling from the 
source to the particle surface we utilize mean free path calculations.
83
 The 3:1 Ar/O2 
mixture is leaked into the evaporator at a pressure of 1×10
-3
 mbar. The distance between 
the iron source and the sample stage inside the evaporator chamber is ~12 cm. Equation 
3.1 can be used to calculate the mean free path for a single gas system, d0 is the molecular 
diameter, n is the gas density. 
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According to Equation 3.1, the mean free path of pure molecular oxygen is 9.13 cm 
using d0 = 3.2×10
-10
 m. However, the system also contains iron atoms, which are 
assumed to be in a gaseous state. This fact requires the modification of Equation 3.1 into 
the following form, Equation 3.2:
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where a and b are the average particle velocities calculated according to Equation 3.3. 
From Equation 3.2, we calculate the mean free path of an iron atom in an iron/oxygen 
mixture to be Fe = 9.92 cm. The mean free path of Fe = 9.92 cm compared to the 
source-sample distance of ~12 cm indicates that one iron atom can only collide with one 
oxygen molecule before it reaches the PS particle surface. Additionally, from a statistical 
point of view, only every fourth iron atom will interact with an oxygen molecule since a 
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3:1 Ar/O2 mixture is used. Based on this calculation, we can assume that we deposit bare 
iron atoms onto the PS particle surface. Note, the reaction of room temperature iron 
atoms with O2 has been reported to be endothermic by 21 kcal/mol
84
 with an upper 
second-order rate constant limit of k < 1×10
-4
 cm
3
/molecule/s for reaction in a 5:2 mbar 
Ar/O2 atmosphere.
85
 However, iron has also been shown to rapidly oxidize at higher 
temperatures.
84,86
 Since the iron atoms undergo only one collision with the background 
gas, it is very likely that they have residual kinetic energy when they reach the PS particle 
surface enabling their subsequent reaction with oxygen molecules impinging on the 
particle surface. The degree of oxidation of each successive iron layer is thus directly 
dependent on the rate of evaporation of iron. 
                                                              Γ / 4nv                                                        (3.4) 
Equation 3.4 gives the particle flux of an ideal gas striking a unit surface. Using 
Equation 3.4, the number of oxygen molecules that reach the PS particle surface per 
second can be determined. According to Equation 3.4, the particle flux for molecular 
oxygen is  = 6.05×109 O2 molecules per particle cap per second.  is fixed for all 
depositions, because the pressure of the 3:1 Ar/O2 mixture is constant during deposition. 
The number of iron atoms deposited per second on the surface of a single particle is 
calculated using the average deposition rates and the assumption of uniform cap 
thickness. For staggered chains, with an average deposition rate of 0.76 nm/s, 3.89×10
8
 
iron atoms are deposited on a single PS particle per second. For double chains with an 
average deposition rate of 0.3 nm/s, the number of iron atoms deposited is 1.53×10
8
 
atoms/s per particle. Finally, for the no assembly system, with an average deposition rate 
of 0.15 nm/s, the number of iron atoms deposited is 7.67×10
7
 atoms/s per particle. From 
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the particle flux of oxygen and the number of iron atoms deposited onto the PS particle 
surface, we can calculate the ratio of iron to oxygen that reaches a single PS particle per 
second. For a staggered chain sample the Fe:O2 ratio is 1:16, for double chain samples 
the Fe:O2 ratio is 1:39, and for no assembly samples the Fe:O2 ratio is 1:79. As a result of 
these Fe:O2 ratios, we have access to three oxidation states of iron oxide. 
Based on the oxidation model of iron discussed above and specific physical 
properties of each individual Janus particle assembly, we propose a relationship between 
the average deposition rate and the type of iron oxide produced. Particles carrying an iron 
oxide cap produced at 1 nm/s assemble into staggered chains. These structures show low 
resistance to external deformation. Further, the particle caps gradually oxidize and show 
double chain type assembly when left in water over a period of time (several days to 
months). This observation suggests that the iron oxide produced at this average 
deposition rate is non-stoichiometric Fe1-xO, a weak ferromagnetic compound when 
produced in thin films (< 300 nm).
87
 The weak ferromagnetism is the result of clusters of 
defects with an oxygen environment close to that of Fe3O4.
88
 Note, stochiometric FeO in 
bulk is an antiferromagnetic material, which would not show any assembly in a magnetic 
field. Additionally, the material produced at the 1 nm/s rate has a resistance of 0.5 ± 0.2 
k, which is 5 times higher than that of iron deposited in vacuum (0.10 ± 0.04 k) and 
exhibits a dark gray color in good agreement with the black color of Fe1-xO.
89
 As we 
decrease the average deposition rate to 0.25 nm/sec the assembly behavior shifts to a 
more durable double chain structure. This rigidity, coupled with the observed shift to 
inert behavior when left in an aqueous environment for lengthy periods of time, implies 
this type of oxide to be Fe3O4. Fe3O4 is a ferrimagnetic compound, which, when coupled 
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with the effect of the thickness of the iron oxide cap (see above), explains the resilience 
of the double chain structures when compared with the staggered chain system.
87
 
Furthermore, the resistivity measurements indicate a range of resistances from as low as 
2.7 ± 0.7 k to as high as 110 ± 50 k. The low resistance films tend to be dark gray in 
agreement with the reported black color of Fe3O4 crystals,
89
 while high resistance films 
are grey with a yellow tint hinting at a higher degree of oxidation. By this progression the 
inert material produced at 0.1 nm/s is likely -Fe2O3, which is an antiferromagentic 
compound.
87
 The deposited film shows the highest resistance with values well above 4 
M in good agreement with the reported order of magnitude difference in resistance 
between Fe3O4 and Fe2O3.
90
 The samples also display a reddish orange color, a property 
shared by the red brown -Fe2O3 crystals.
89
 The antiferromagnetic property explains the 
non-assembly of this type of Janus particles in the 0.008 Tesla magnetic field used. This 
type of cap does not change properties after prolonged exposure to air or water, 
represents the highest oxidation state, and is thus considered the most stable oxidation 
state. 
The preferential assembly into staggered or double chains at constant magnetic field 
is attributed to the variation in saturation magnetization, MS, of the respective cap 
materials. As the chain assembles, the particle position within the chain is determined by 
the orientation of the initially pre-oriented doublets. Figure 3.7 shows schematics of 
doublets leading to (A) staggered and (B) double chains. According to general dipole 
interaction rules, two magnetic dipoles have the strongest attractive interaction when they  
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Figure 3.7 Schematics of pre-oriented doublets formed upon application of the external 
magnetic field B leading to (A) staggered chain with SC = 43º and SC = 94ºand (B) 
double chain with DC = 52º and DC = 76º. Shaded (orange) region indicates FexOy 
coating. N and S indicate north and south pole, respectively. The angle  describes the 
orientation of the doublet axis with respect to the magnetic field and  corresponds to the 
angle between three adjacent particles in a chain. 
 
are aligned with each other in the field direction at  = 0º, whereas their interaction is 
most repulsive at  = 90º. At angles in between those two extremes, the interaction 
gradually changes from attractive to repulsive. A single Janus particle approaching the 
doublet in Figure 3.7A can connect to it in two places indicated by the dashed circles, 
while a single Janus particle approaching the doublet leading to double chains has four 
potential binding sites (Figure 3.7B). The placement of the two binding sites in the 
staggered chain assembly can be rationalized by the magnetic moment of the incoming 
particle aligning itself with the magnetic dipole of the existing doublet. In contrast, the 
doublet leading to double chains (Figure 3.7B) allows the most attractive alignment of the 
magnetic moment of the incoming particle with the magnetic moment of one of the two 
particles in the doublet. These interactions result in a less packed staggered structure, 
which is more easily deformed in solution and may be ripped apart during solvent 
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evaporation. In addition, the SEM images shown in Figure 3.5 indicate that particles in 
the double chains are more or less locked in their positions within the chain; however, the 
particles in the staggered chain are capable of rotation within the chain. Since the 
magnetic field is held constant at B = 0.008 Tesla in all assembly experiments, the 
saturation magnetization of the cap material must depend on the deposition rate in order 
to rationalize the varying assembly behavior observed in a constant magnetic field. The 
fact that double chains are interacting more strongly compared to staggered chains 
indicates that the cap material of the staggered chains has a smaller saturation 
magnetization than that of the double chains in good agreement with the room 
temperature literature values of MS(Fe1-xO) = 65 – 198 emu/cm
3
,
26,88
 MS(Fe3O4) = 254 – 
480 emu/cm
3
,
26,91
 and MS(-Fe2O3) = 3 emu/cm
3
.
88,91
 
More specifically, Kim et al.
26
 studied the dependence of iron oxide film 
composition as a function of oxygen flow rate and film thickness for films deposited with 
reactive RF magnetron sputtering using an Fe target. They found single phases of pure 
Fe, Fe1-xO, Fe3O4, and -Fe2O3 with increasing O2 flow rate (0 – 2.2 sccm) for iron oxide 
films deposited on room temperature substrates with thicknesses below 75 nm. The 
stability of the phases is attributed to a large in-plane compressive stress. In our study the 
films are ≤50 nm and rather than varying the oxygen flow rate, we vary the iron 
deposition rate in a constant 3:1 Ar/O2 atmosphere. As a result, the number of oxygen 
molecules impinging on the cap surface per evaporated nanometer of cap material 
increases by a factor of two each time as the deposition rate decreases leading to more 
oxidized caps. 
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Figure 3.8 O:Fe ratio (wt%) obtained from EDS measurements on iron-capped 
polystyrene particles right after evaporation (t = 0s) and after exposure to water for 5, 
120, 1440, and 2880 min. Red dashed line indicates the O:Fe ratio for particles with caps 
formed in the presence of a 3:1 Ar/O2 mixture.
66
 
 
As discussed in the introduction, Smoukov et al.
14
 reported the formation of double 
chains from 8 nm iron-caped particles and staggered chains with 34 nm iron-capped 
particles.  Further, tapping of the experimental cell after removal of the magnetic field 
resulted in break-up of the double chain configuration, whereas the staggered chain 
configuration stayed intact. These results imply that the staggered chain configuration is 
the stronger one of the two, in disagreement with the observations made for the iron 
oxide capped particles reported here. The two observations can be reconciled when post 
deposition oxidation of the iron caps is taken into account. EDS data (Figure 3.8) 
obtained from SEM measurements using an EDAX detector  shows that particles capped 
under high-vacuum conditions (~10
-6
 mbar) with iron (50 ± 3 nm) already contain oxygen 
(Fe:O ratio = 1:0.17) after transport from the thermal evaporation chamber to the SEM in 
good agreement with room temperature oxidation of polycrystalline iron
92,93
 and are 
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further oxidized when exposed to an aqueous environment (Fe:O = 1:1.81 after a 48 hour 
exposure to water).
66
 Taking this oxidation behavior into account, it is likely that the 8 
nm cap used in Smoukov et al.’s14 experiments is fully oxidized, while the 34 nm cap is 
an iron cap covered with an iron oxide shell. As a result, the 8 nm capped particles would 
be expected to show double chain behavior and 34 nm capped particles should show 
staggered chain behavior, due to the strong magnetic properties of the iron core (MS(Fe) = 
1745 emu/cm
3
).
94
 The differences in relative strengths observed for double and staggered 
assemblies can also be explained by the extent of oxidation of the iron caps. The soft 
ferromagnetic iron core in the 34 nm capped particles provides inherent stability to the 
staggered arrangement when compared to the iron oxide capped particles in our study 
(MS(Fe) = 1745 emu/cm
3
 vs. MS(Fe1-xO) = 65 – 198 emu/cm
3
).
26,94,95
 Additionally, the 
weakness of the double chain arrangements composed of the 8 nm capped particles can 
be attributed to oxidation and the small amount of material in the cap. For example, our 
50 nm capped iron oxide particles with double chain behavior have 6 times thicker caps. 
This argument is further supported by our observation of reduced stability correlated with 
decreasing cap thickness, i.e., double chains assembled from particles with 17 nm caps do 
not survive the drying process (see above). 
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Figure 3.9 Generalized assembly behavior chart as a function of deposition thickness and 
deposition time indicating regions of pure staggered chain, double chain, and no 
assembly behavior. Shaded areas indicate transition regions, where deposition parameters 
lead to samples that show either of the two adjacent assembly behaviors. 
 
Figure 3.9 shows the generalized average deposition rate diagram for the FexOy 
system with two structural transition regions. If the deposition rate is higher than 0.5 nm/s 
or done in the absence of the 3:1 Ar/O2 mixture, the assembly only yields staggered 
chains. A deposition rate between 0.33 and 0.50 nm/s, i.e., structural transition region I, 
leads to samples with double, staggered, or mixed chains. Holding the deposition rate 
between 0.22 and 0.33 nm/s during the evaporation leads to samples with pure double 
chain structures. If the deposition rate is between 0.17 and 0.22 nm/s, i.e., the structural 
transition region II, the resulting particles would assemble into double chains or show no 
assembly. If the deposition rate is lower than 0.17 nm/s, no chains assemble. Figure 3.9 is 
valid for cap thicknesses from 17-50 nm and highlights the fact that the average 
deposition rate of iron in an 3:1 Ar/O2 atmosphere of 1×10
-3
 mbar is the key parameter 
for controlling the assembly behavior of iron oxide Janus particles. Further studies will 
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investigate iron oxide caps with protective layers, which may lead to particles with Fe1-xO 
compositions that are stable in aqueous environments over longer periods of times. 
 
3.5 Summary  
The works presented in this chapter show that varying the deposition rate of iron in 
an oxidizing atmosphere leads to iron oxide capped Janus particles with varying degrees 
of oxidation with distinct assembly behaviors. Three types of behavior, i.e., (i) staggered 
chains for Fe1-xO caps, (ii) double chains for Fe3O4 caps and (iii) no assembly for -
Fe2O3, are observed after exposure of the iron oxide capped Janus particles to an external 
magnetic field (0.008 Tesla) for a period of time. Samples obtained at a specific average 
deposition rate with varying cap thickness show the same assembly behavior. Mean free 
path analysis reveals that the iron is oxidized once it is deposited on the particle surface 
due to impinging O2 molecules. Further, chain structure and stability is correlated to pre-
orientation of the initially formed doublets and saturation magnetization of the various 
iron oxides, respectively. 
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Chapter 4  
Characterization of Iron Oxide Thin Films  
In this chapter, the properties of iron oxide thin films deposited on spherical 
particles and flat surfaces are characterized with respect to their morphology, 
composition, crystallinity, and magnetic properties using (i) Field Emission Scanning 
Electron Microscopy (FESEM) and Atomic Force Microscopy (AFM), (ii) Energy-
dispersive X-ray Spectroscopy (EDS) and X-ray Photoelectron Spectroscopy (XPS), (iii) 
Normal (TEM) and High Resolution Transmission Electron Microscopy (HRTEM), and 
(iv) magneto-optic Kerr effect measurements, respectively. The relationship between 
morphology, composition, crystalline structure, and magnetic properties of the three iron 
oxides previously assigned as Fe1-xO, Fe3O4, and -Fe2O3 in Chapter 3, the iron oxide 
deposition rate in their preparation, and their assembly properties is discussed.  
 
Figure 4.1 Phases observed as function of film thickness and oxygen flow rate at room 
temperature.
26
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As discussed in Chapter 3.4, the three iron oxides, Fe1-xO, Fe3O4, and -Fe2O3, are 
prepared by thermal evaporation of iron in the presence of an 3:1 Ar/O2 mixture at 5×10
-3
 
mbar
2
 and assigned based on their conductivity (R(Fe1-xO) = 0.5 ± 0.2 k, 2.7 ± 0.7 < 
R(Fe3O4) < 110 ± 50 k, and R(-Fe2O3) > 5 M), optical appearance (dark gray, black, 
and reddish orange, respectively), and apparent magnetic strength (weakly 
antiferromagnetic, ferromagnetic, and not magnetic, respectively) as well as a 
comparison of their preparation conditions to the phase diagram shown in Figure 4.1.
26
  
 
4.1 Surface Morphology Analysis using FE-SEM and AFM 
Methods 
The surface morphology of the three iron oxide thin films fabricated by thermal 
evaporation is characterized using a SUPRA 55 FE-SEM from Zeiss. The thickness of all 
three iron oxide thin films is 50 nm according to the quartz crystal microbalance used 
during the evaporation. The samples characterized here are fabricated within the three 
deposition rate ranges (given in Figure 3.9) and tested for their distinct assembly 
behaviors of staggered (Fe1-xO), double (Fe3O4), and no assembly (-Fe2O3) in the 
presence of an external magnetic field (0.008 T). 
Figure 4.2 shows the FE-SEM images of (A) staggered (Fe1-xO), (B) double (Fe3O4), 
and (C) no assembly (-Fe2O3) as-prepared Janus particle monolayers of 2.4 m sPS 
particles (top and middle row) and the corresponding thin films evaporated under 
identical conditions onto a flat silicon wafer substrate (bottom row). Inspection of Figure 
4.2A shows that both the Fe1-xO Janus particle cap and the thin film evaporated at the 
highest rates have many cracks. The number of cracks and the shapes of the cracks are  
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Figure 4.2 FE-SEM images of 2.4 m (A) staggered (Fe1-xO), (B) double (Fe3O4), and (C) 
no assembly (-Fe2O3) Janus PS particle monolayers and thin films. Images in the second 
row represent zoomed-in scans of selected areas highlighted by the white rectangles, 
whereas the images in the third row are films deposited under identical conditions on flat 
silicon wafer substrates. Scale bar in all images is 1 m.  
 
similar on the particle surface and silicon wafer excluding surface curvature as a cause 
for the cracks. As the deposition rate decreases (Figure 4.2B and C), the films become 
smoother, i.e., fewer cracks and less apparent roughness, indicating that the 
crystallization of the iron oxide tends to be more uniform at slower evaporation rates in 
good agreement with observations by others.
96
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Figure 4.3 Atomic force microscope analysis of iron oxide films evaporated at deposition 
rates leading to (A) staggered (Fe1-xO), (B) double (Fe3O4), and (C) no assembly (-
Fe2O3) behavior. Top Row: AFM images (12×12 m) of 50 nm iron oxide thin films 
deposited onto PS particle monolayers after removal of the particles. Middle Row: Line 
profiles indicating thickness of the evaporated films. Bottom Row: Area of thin films 
used for analysis of surface roughness of films. 
 
Since the thermal evaporations are done with a constant density setting of 5.24 
g/cm
3
 on the quartz crystal microbalance, a NanoScope III atomic force microscope 
(AFM) from Digital Instruments is used to characterize the thickness and roughness of 
the iron oxide deposits left behind on the glass slides after particle removal. All samples 
are scanned using tapping mode with a scan rate of 2 Hz and a scan area of 12×12 m. 
The AFM tip is a non-magnetic silicon probe from NanoProbe, with a tip length of 125 
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m and a tapping frequency ranging from 307 to 374 kHz. Roughness measurements are 
obtained from an 894×894 nm
2
 area of continuous film. Figure 4.3 shows AFM images 
of 50 nm Fe1-xO, Fe3O4, and -Fe2O3 films fabricated at deposition rates of 1, 0.24, and 
0.11 nm/s, respectively. After evaporation, the particles are removed from the substrate 
via sonication. Their positions prior to sonication are indicated by circles of uncoated 
substrate caused by particle shadowing and enable film thickness measurements. Line 
scans (Figure 4.3, middle row) taken in the AFM images (indicated by white lines in the 
images) indicate the height differences between the shadowed area and the film surface, 
which are summarized in Table 4.1.  
 
Table 4.1 The thickness of three different types of iron oxide thin film measured by AFM.  
Cap Material Fe1-xO Fe3O4 -Fe2O3 
Thickness (nm) 49.0 48.1 49.7 
 47.7 49.0 48.5 
 49.4 49.3 50.7 
 49.8 50.4 50.3 
 51.4 50.0 49.3 
 48.2 49.8 51.5 
 47.6 48.4 49.6 
Average Thickness (nm) 49.0 ± 1.3 49.3 ± 0.9 49.9 ± 1.0 
 
Table 4.1 shows that the average thickness of the thermally evaporated iron oxide 
films agrees very well with the 50 nm measured by the crystal microbalance during 
evaporation. Each sample was measured at seven locations, and the average thickness is 
reported.  
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The plateaus in the line profile of Figure 4.3 (middle row) and the FE-SEM images 
in Figure 4.2 indicate that the iron oxide films have a rough surface which seems to 
smoothen as the deposition rate decreases. Analysis of 894×894 nm
2
 area (Figure 4.3, 
bottom row) of continuous iron oxide films results in roughness values of 1.18, 0.95, and 
0.76 nm for the Fe1-xO, Fe3O4, and -Fe2O3 thin films, respectively, in good agreement 
with the apparent change in roughness observed in the FE-SEM and AFM images. 
 
4.2 Composition Analysis using EDS and XPS Methods 
EDS is used to analyze the composition and the relative amounts of each element in 
the three films (JEM 2100 TEM from JEOL with EDAX detector). Figure 4.4 shows the 
EDS spectra obtained at a beam voltage of 20 keV from the three iron oxide thin films 
deposited on 50 mesh copper TEM square mesh grids from StrataTek. The TEM grids are 
covered by a carbon film leading to carbon and copper signals in the EDS spectra. The 
iron and oxygen peaks are assumed to originate from the presence of the iron oxide thin 
films. The iron:oxygen (Fe:O) ratios for the three films are Fe:O = 3:1, 3:1, and 2:3 for 
Fe1-xO, Fe3O4 and -Fe2O3, respectively. These ratios indicate that the films for Fe1-xO 
and Fe3O4 may be a mixture of pure iron and iron oxide, whereas the Fe:O ratio for the 
no assembly film is consistent with our initial assignment of -Fe2O3. Using the 3:1 ratio 
for the Fe1-xO film (Figure 4.4A) and an x = 0.94, a composition of 68/32 Fe/Fe1-xO is 
calculated, i.e., the cap contains 34 nm iron and 16 nm Fe1-xO. If the same calculation is 
made for the Fe3O4 data in Figure 4.4B, a composition of 89/11 Fe/Fe3O4 is obtained, i.e., 
the cap has 44 nm iron and 6 nm Fe3O4. While the composition for the Fe1-xO cap may be 
realistic (see magnetic measurements in Chapter 6.2), the composition calculated for the 
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Fe3O4 seems erroneous and does not agree with the observed difference in magnetic 
behavior. At this point the origin for the high iron signal in the EDS spectrum for the 
Fe3O4 sample is not clear. EDS has a probe depth of a few m and the resulting X-rays 
can escape from the sample from a depth as deep as a few micrometers, i.e., the entire 
film is probed. 
 
Figure 4.4 EDS spectra taken at 20 keV of iron oxide thin films deposited on carbon-
coated copper TEM grids evaporated at deposition rates leading to (A) staggered (Fe1-xO), 
(B) double (Fe3O4), and (C) no assembly (-Fe2O3) behavior.  
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In order to obtain more information about the surface composition of the iron oxide 
films and more specifically to determine whether the films labelled Fe1-xO and Fe3O4 
contain iron, XPS measurements are performed using an XPS system from Omicron 
Nanotechnology with an AlK X-ray source (1486.7 eV, FWHM = 0.43 eV, resolution = 
0.02 eV).  
 
Figure 4.5 Fe (2p2/3), Fe (2p1/2) and O (1s) X-ray photoelectron spectra obtained from 
iron oxide films evaporated at deposition rates leading to staggered Fe1-xO (black), 
double Fe3O4 (red), and no assembly -Fe2O3 (blue) behavior.  
 
Figure 4.5 summarizes the Fe 2p and O 1s peak regions taken in high resolution 
mode on Fe1-xO (black), Fe3O4 (red), and -Fe2O3 (blue) thin films. The binding energies 
of the Fe 2p3/2 and Fe 2p1/2 electrons obtained from the XPS measurement depicted in 
Figure 4.5 and Ref. 97 for Fe1-xO, Fe3O4, and -Fe2O3 are summarized in Table 4.2. The 
data in Table 4.2 reveals excellent agreement between the XPS data obtained from the 
iron oxide thin films studied in this chapter and the literature assignments of the Fe 2p3/2 
and Fe 2p1/2 binding energies for Fe1-xO, Fe3O4, and -Fe2O3 from Ref. 97 confirming the 
material assignments made in Chapter 3.  
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Table 4.2 X-ray photoelectron Fe 2p3/2 and Fe 2p1/2 binding energies obtained from XPS 
high-resolution measurements in comparison to literature values
97
 for iron oxide films 
evaporated at deposition rates leading to staggered Fe1-xO, double Fe3O4, and no 
assembly -Fe2O3 behavior.  
a) X-ray photoelectron O 1s binding energy in Fe1-xO is measured as 529.4 eV, b) X-ray 
photoelectron O 1s binding energy in Fe3O4 is measured as 529.5 eV, c) X-ray 
photoelectron O 1s binding energy in -Fe2O3 is measured as 529.8 eV.  
 
While EDS indicates that there is the possibility that the Fe1-xO and Fe3O4 films 
contain iron, XPS seems not to show any traces of iron. Most convincingly, the X-ray 
photoelectron Fe 2p3/2 and Fe 2p1/2 binding energies for Fe
0
 are located at 706.9 eV and 
719.9 eV, respectively, and very little signal is observed at these binding energies.
98
 This 
discrepancy can be resolved when one considers the probing and escape depth of EDS 
and XPS. The probing depth of XPS is similar to that of EDS (a few microns); however, 
the escape depth of photoelectrons from a solid material is a few nanometers (~10 nm) 
due to the much shorter mean free path of photoelectrons in solids.
99
 Since the XPS 
spectra shown in Figure 4.5 do not show any distinct Fe 2p3/2 and Fe 2p1/2 signal for Fe
0
, 
it can be concluded that the top ~10 nm of the Janus particle cap are comprised of Fe1-xO 
and Fe3O4 for films deposited at rates that lead to staggered and double chain formation, 
respectively.  
 
  
Fe1-xO 
a
 Fe3O4 
b
 -Fe2O3 
c
 
  
Fe 2p3/2 Fe 2p1/2 Fe 2p3/2 Fe 2p1/2 Fe 2p3/2 Fe 2p1/2 
Binding 
Energy 
(eV) 
Measured 709.8 722.9 710.4 723.4 710.9 724.2 
Reference 709.5 723.2 710.6 724.1 711 724.6 
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4.3 Crystal Structure Analysis using TEM and HRTEM 
In order to determine the crystalline structure of the iron oxide thin films TEM and 
HRTEM are used. TEM gives general information about crystallite size and orientation, 
while HRTEM is used to determine the crystal parameters such as lattice constant and 
crystal orientation.  
 
Figure 4.6 TEM images of three iron oxide thin films evaporated at rates that lead to (A) 
staggered (Fe1-xO), (B) double (Fe3O4), and (C) no assembly (-Fe2O3) behavior. Scale 
bar in all three images is 50 nm.  
 
Figure 4.6 shows the TEM images of three iron oxide thin film samples thermally 
evaporated on carbon-coated TEM grids (same as in previous section). The dark and 
bright spots in the images in Figure 4.6 indicate iron oxide crystallites with varying 
orientations with respect to the probe beam. Figure 4.6A shows that the Fe1-xO thin film 
has largest dark and bright spots, whereas the -Fe2O3 thin film (Figure 4.6C) has the 
smallest dark and bright spots. Thus, as the evaporation rate decreases, the grain size of 
the iron oxide is becoming smaller and more uniform.    
CHAPTER 4. CHARACTERIZATION OF IRON OXIDE THIN FILMS                      59 
 
 
Figure 4.7 HRTEM images and FFTs, respectively of iron oxide thin films evaporated at 
deposition rates leading to (A, B) Fe1-xO, (C, D) Fe3O4, and (E, F) -Fe2O3 films. The 
spacing of atomic planes obtained from the FFT (right column) is indicated for specific 
grains in the HRTEM image (see text). The insets are the electron diffraction patterns of a 
selected area of each film. Scale bar is 2 nm. 
 
High resolution TEM images are taken in order to characterize the crystallinity of 
the iron oxide thin films obtained at the three deposition conditions. Figure 4.7 shows the 
HRTEM images (left column), non-calibrated diffraction pattern (inset), and the Fast 
Fourier Transforms (FFTs) obtained from the HRTEM images using ImageJ (right 
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column) for the Fe1-xO, Fe3O4, and -Fe2O3 films. From the high resolution images it is 
apparent that as the deposition rate decreases, the crystallinity of the films improves. The 
diffraction patterns confirm that all three samples are polycrystalline owing to the 
observed ring structures. The FFT data shown in Figure 4.7 (right column) results in the 
atomic plane spacing of 0.21, 0.26, and 0.3 nm for the Fe1-xO, 0.19 and 0.3 nm for the 
Fe3O4, and 0.2, 0.24. 0.25. 0.3. and 0.48 nm for the -Fe2O3 films. Grains with each of 
the spacing obtained from the general FFT analysis of the HRTEM images are analyzed 
by FFT of the specific single crystal domain and indicated in the respective HRTEM 
images. Table 4.3 summarizes the atomic plane spacing obtained from conversion of 
XRD data provided in Ref. 100 and plane spacing mentioned in other literature.  
 
Table 4.3 Atomic plane spacing, (dhkl = n/(2sin) obtained from XRD measurements 
( = 0.15418 nm) provided in Ref. 100 and other literatures102-104 for 32 nm FeO, Fe3O4, 
-Fe2O3, and -Fe2O3 nanoparticles.  
dhkl 0.371 0.365 0.35 0.298 0.27 0.26 0.25 0.22 0.215 0.21 
FeO      (111)   (200)
101
  
Fe3O4    (220)   (311)
102
   (400)
101
 
-Fe2O3 (210)  (213) (220)
103
   (331)
103
   (400) 
-Fe2O3  (012)
102
   (104)  (110)
104
 (113)   
 
Careful comparison of the values in Table 4.3 and the spacing obtained from FFT of 
the HRTEM images reveals that (i) the Fe1-xO film shows the characteristic (111) and 
(200) plane spacing, but also shows a signal for the (311) plane that is characteristic of 
the other three films; (ii) the Fe3O4 film exhibits the (220) and (400) plane spacing for 
Fe3O4, but is missing the (311) line; and (iii) the -Fe2O3 film exhibits the (110) plane 
spacing for -Fe2O3, but is missing signals for the (012), (104), and (113) planes. In 
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addition, it also exhibits FFT peaks at (220) and (400), which point to the presents of 
Fe3O4 or -Fe2O3. The d-spacing of 0.24 and 0.48 nm could not be assigned. 
TEM and HRTEM analysis confirm that the crystallinity of the films increases as 
the deposition rate decreases. In addition, it is apparent from the HRTEM images that the 
films are polycrystalline, which renders the FFT analysis more difficult. Reasonable 
agreement between plane spacing from FFT and literature values is found for Fe1-xO and 
Fe3O4, whereas the -Fe2O3 films seems to be a mixture of various oxides.  
 
4.4 Magnetic Analysis using Magneto-optic Kerr 
Measurements 
In order to understand the magnetic properties of the Janus particle cap material, the 
magnetization hysteresis loops are measured using a magneto-optic Kerr effect system. 
The magneto-optic Kerr effect is based on the change of polarization of linearly polarized 
light upon reflection on a magnetic material.
105
  It has a probe depth of 50-100 nm. The 
laser generator is a Tsunami Mode-locked Ti-Sapphire with wave length centered at 800 
nm from Spectra Physics, Inc. The field applied ranges from -600 Oe to 600 Oe. 
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Figure 4.8 The magnetization hysteresis loop of Fe3O4 (black symbols) and Fe1-xO (red 
symbols) thin films and Janus particle layers measured by magneto-optic Kerr effect 
system. The thickness of the thin film and the Janus particle caps is 50 nm. Both types of 
Janus particles are as-prepared close-packed particle monolayers on a glass slide. The 
vertical lines indicate the magnetic field (0.008 T = 80 Oe) used for the magnetic 
assembly reported in Chapter 3.  
 
The magnetization hysteresis loops for the Fe1-xO and Fe3O4 samples both as thin 
films and as JP caps are summarized in Figure 4.8. Inspection of the data shows that both 
types of materials reach their saturation magnetization within the applied ±600 G field 
range. However, at the magnetic field strength of 80 G (0.008 T) used in the assembly 
experiments, neither of the two materials is saturated. The data shown in Figure 4.8 can 
be used to calculate the coercivity (Hc) of the two samples (Table 4.4). The Hc values are 
calculated by determining the center of the hysteresis loop at zero field and measuring the 
distance from the center to the curve along the positive field axis direction. 
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Table 4.4 The coercivity Hc values of 4 m SiO2 based Janus particles. 
Hc (Oe) Pure Iron Fe3O4 Fe1-xO 
Film (50 nm) 139 190 265 
Janus Particle 104 202 257 
 
The experimental value of ~200 Oe for the Fe3O4 thin film is in reasonable 
agreement with the parallel and perpendicular Hc values of 280 and 400 Oe, respectively, 
obtained for pure 200 nm Fe3O4 films.
105
  The lower coercivity for the Fe3O4 film studied 
here supports the observation that the cap may contain zero-valent iron, which is found to 
have a much lower coercivity (Table 4.4). The fact that the coercivity of Fe1-xO is larger 
than that of Fe3O4 indicates that Fe1-xO is harder to demagnetize than Fe3O4.  
 
4.5 Summary 
Iron oxide thin films both on a particle surface and on a flat substrate have been 
prepared and characterized. The surface morphology of the thin films is found to become 
less rough as the deposition rate decreases. Analyzing the composition of the iron oxide 
thin films with EDS and XPS shows that the material assignments made in Chapter 3 are 
correct when the surface layer of the cap is analyzed. However, they also indicate that the 
Fe1-xO and Fe3O4 thin films may contain certain amounts of zero-valent iron. HRTEM 
confirms that the uniformity of the crystallization in the iron oxide thin films increases at 
lower deposition rates. FFT analysis of the grains shows reasonable agreement for Fe1-xO 
and Fe3O4 films, but indicates a mix of oxides for -Fe2O3. Magneto-optic Kerr effect 
measurements indicate that the Fe1-xO film is magnetically harder than the Fe3O4 film. It 
is clear from this study that while possible, the characterization of the composition and 
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crystal structure of iron oxide thin films with thickness of 50 nm and less is rather 
challenging.  
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Chapter 5 
Field-directed Assembly of Iron Oxide Janus 
Particles 
As reported in Chapter 3, Fe3O4-capped Janus particles form chains with a double 
chain configuration when exposed to an external, static magnetic field of 0.008 T. In 
addition to being magnetizable, Fe3O4 also exhibits semiconducting properties (R = 110 ± 
50 kΩ for 50 nm thin film).2 The dual character of Fe3O4 suggests its responsiveness to 
an AC electric field similar to that observed with gold-capped Janus particles.
25
 Chapter 5 
investigates the sequence-dependent response of Fe3O4 Janus particles to two overlapping 
fields applied either parallel or perpendicular to each other, with the goal to identify new 
assembly behaviors resulting from the combination of surface anisotropy and field 
responsiveness. 
Table 5.1 Summary of dipole-dipole interactions in absence of field and for Janus 
particles with dipole moments in external fields.  
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Table 5.1 summarizes general dipole-dipole interactions in the absence of a field 
and resulting Janus particle configurations in the presence of an external magnetic or 
electric field. Generally, both magnetic and electric dipoles prefer to align in a head-to-
toe parallel (1) or linear orientation (2), whereas parallel head-to-head (3) and linear toe-
to-toe configurations (4) are energetically undesirable. Addition of an external electric or 
magnetic field renders configurations 1’ and 4’ inaccessible due to alignment of the cap 
dipoles with the external field. In contrast, configurations 2’ and 3’ are still accessible, 
but only configuration 2’ allows for maximized dipole-dipole interactions in the caps 
yielding stable chain structures. As a result, Janus particles are found to assemble into 
staggered chain structures (2’), in which the dipoles localized in the caps are in their 
energy favorable configuration (2’), are aligned with the external field, and maximize 
their dipole-dipole interactions. Each stable chain structure reported to date
2,14,67
 can be 
categorized according to the characteristic angle, θ, formed between three consecutive 
Janus particles in a chain, and the distance between the particle centers located on the 
same side of the chain, d. Characteristic angles ranging from 60-120° have been reported 
and depend on the external field strength and the material properties of the Janus particle 
cap. 
 
5.1 Experimental Details 
Iron Oxide Janus Particle Fabrication. Fe3O4 Janus particles are prepared using 
the method reported in Chapter 3.
18
 In brief, 2.40 ± 0.14 µm sulfate-terminated 
polystyrene (sPS) particles from Molecular Probes Inc. washed three times in de-ionized 
(DI) water are used for monolayer assembly on an acid pre-treated, hydrophilic 3"×1" 
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microscope glass slide. A 50 nm thick Fe3O4 film is deposited onto of the monolayer 
using a bench top metal evaporator system (Cressington 308R, Ted Pella, Inc.) filled with 
a background gas mixture of 3:1 = Ar:O2 at a pressure of 1×10
-3
 mbar. Deposition rates 
ranging from 0.22 to 0.33 nm/s are employed in order to obtain Fe3O4. Only the top 
hemispheres of the sPS particles in the monolayer facing the evaporation source are 
coated with the Fe3O4 film yielding a monolayer of Janus particles with magnetizable 
caps (Ms = 445 emu/cm
3
). Subsequently, Janus particles are re-dispersed in DI water by 
ultrasonication. Generally, Janus particle dispersions are prepared from three 3"×1" 
microscope glass slides (~90% coverage) coated simultaneously and subsequently 
dispersed by means of sonication into 40 mL of DI water. The Janus particle dispersions 
are used without further purification for the field assembly. 
 
 
Figure 5.1 Schematic of the assembly setup for (A) parallel and (B) perpendicular field 
geometry experiments. 
 
Overlapping Field Assembly Setup and Method. Field assembly is performed 
either in a parallel (A) or perpendicular field setup (B) depicted in Figure 5.1. The 
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electrodes used to apply the AC electric field are made on 3"×1" (parallel field assembly) 
and 2"×1" (perpendicular field assembly) microscope glass slides (Fisher Scientific, Inc.). 
An I- or L-shaped piece of adhesive copper tape is used as a shadow mask to create a set 
of two electrodes separated by a 5 mm gap. Then, a 5 nm layer of titanium (adhesion 
layer) is deposited onto the glass slide followed by a 100 nm layer of gold. Next, a hole-
punched piece of a 1"×1" hydrophobic acrylic adhesive polyolefin tape (3M Inc.) with a 
1 cm diameter hole is adhered to the side with the electrodes, such that the hole spans 
across both electrodes and creates a sample cell. The electrode glass slide is glued to an 
acrylic base to allow convenient application of the AC electric field via alligator clips. 
The electrode assembly is placed on the stage of an optical microscope (Olympus BX51) 
equipped with a UI-2240-C camera (Imaging Development Systems GmbH) used to 
monitor the field-directed assembly processes of the Fe3O4 Janus particles. In a few 
special cases, a high speed camera (Photron, Fastcam SA3, Model 120K-M3 LCA) is 
employed and videos are recorded at a 500 frames per second (fps) rate for accurate 
analysis of particle-pair interactions and elucidation of assembly mechanisms.  
A function generator (Agilent 33120A 15 MHz function generator, Agilent 
Technologies, CO) coupled with an amplifier (RG-91 ramp generator/amplifier (Burleigh, 
NY)) is used to induce an AC electric field within the assembly chamber.
82
 A voltage of 
187.5 V (35.5 V/mm) is delivered in square waveform at 75 kHz in all experiments. 
Higher voltages will generate strong dielectrophoretic forces causing extensive particle 
drifting in the assembly cell. The drift velocity depends on the gradient of the AC electric 
field and varies with the distance from the electrodes.
106-109
 The observations reported are 
made at the center of the assembly cell where the chain drift velocity is ~ 2.9 µm/s.  
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A small particle drift is advantageous as it accelerates chain structure assembly by 
carrying individual segments within the range of the short-ranged dipole-dipole 
interactions. A permanent U-shaped magnet with a magnetic field strength of 0.008 T, 
measured with a Gauss meter MG-3D (Walker Scientific, Inc.), is used to apply a static 
magnetic field.  
The static magnetic and AC electric fields are applied to the Fe3O4 Janus particle 
dispersion sequentially. In other words, first one field is applied until a stable equilibrium 
structure is obtained followed by application of a second field simultaneously with the 
first field. Two field orientations are studied: parallel (Figure 5.1A) and perpendicular 
(Figure 5.1B). Two sequences of field application are tested for each field orientation 
resulting in (i) parallel field assembly in which the AC electric field is applied first 
followed by the static magnetic field, (ii) perpendicular field assembly with the same 
sequence as in (i), (iii) parallel field assembly in which the static magnetic field 
application precedes the AC electric field application, and (iv) perpendicular field 
assembly with identical sequence as in (iii).  
 
5.2 Results 
When Fe3O4-capped Janus particles are exposed to a static magnetic field, double 
chain formation occurs (see Chapter 3).
18
 In the following, we present results showing 
that exposure to an AC-electric field yields the expected staggered chain assembly. 
Further, these initial double and staggered chain assemblies are exposed to a secondary 
field in either a parallel or perpendicular orientation with respect to the first field. 
Assembly structures are categorized by comparing the characteristic angle θ formed by 
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the centers of three consecutive Janus particles in a chain as shown in Table 5.1 and 
summarized in Table 5.2. θ is related to the particle separation on one side of the chain, d, 
by Equation 5.1: 
                                                        2arcsin
2
d
D

 
  
 
                                                    (5.1)  
where D is the diameter of the individual particle (here D = 2.4 µm).  
Table 5.2 Summary of characteristic parameters θ and d for assembly parameterization. 
 
 
5.2.1 Application of Parallel AC Electric and Static Magnetic Field  
As expected, staggered chains form when a suspension of Fe3O4-capped Janus 
particles is exposed to an AC electric field (Figure 5.2A). The staggered chains have a 
characteristic angle of θ1 = 120 ± 5° and an inter-particle distance of d1 = 4.2 ± 0.1 µm 
(Table 5.2). After equilibration to a desired chain length the static magnetic field is added 
by insertion of the U-shaped magnet as shown in Figure 5.1A. The staggered chains 
collapse into double chains (Figure 5.2B) with the characteristic angle of θ2 = 60 ± 1° and 
an inter-particle distance d2 = 2.40 ± 0.02 µm (Table 5.2). The contraction process takes 
place within less than 0.5 second and is chain length independent. For the specific 
example shown in Figure 5.2, the chain length decreases from L1 = 60.4 µm to L2 = 36.1 
µm by 40.2% (ΔL = 24.3 µm).  
Field Geometry Characteristic Angle, θ 
Particle-particle Distance d 
[µm] 
AC electric field only θ1 = 120 ± 5° 4.2 ± 0.1 
parallel/perpendicular field θ2 = 60 ± 1° 2.40 ± 0.02 
Magnetic field only θ3 = 63 ± 1° 2.45 ± 0.05 
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Figure 5.2 Fe3O4-capped Janus particles in parallel AC electric and static magnetic fields. 
(A) A staggered chain forms under applied AC electric field (VAC = 187.5 V, fAC = 75 
kHz) with a length of L1 = 60.4 µm. (B) Chain shrinks from staggered into double chain 
configuration with a length of L2 = 36.1 µm after application of a parallel static magnetic 
field (B = 0.008 T). (C) Schematic of electric dipole orientation causing staggered chain 
formation in AC electric field. Dark (orange) caps and white circles indicate Fe3O4 and 
polystyrene, respectively. Short and long single-tip solid arrows (red) indicate dipoles 
formed as a result of the AC electric field. Solid double-tip arrow (red) indicates AC 
electric field direction. (D) Schematic of electric and magnetic dipole orientations in 
parallel AC electric and magentic fields. Long and short dashed arrows (black) indicate 
external static magnetic field and magentic dipole directions, respectively. Letters N and 
S denote magnetic north and south pole, respectively. The solid white arrow indicates a 
dust particle that does not move during chain contraction. Scale bars correspond to 5 µm. 
 
Figure 5.2C and D depict the Janus particle orientation (orange portion represents 
Fe3O4 cap) and the electric (solid red arrows) and magnetic (dashed black arrows) dipole 
orientations before and after secondary field application. In the initial AC electric field (E 
= 187.5 V, f = 75 kHz), the long axes of the Janus caps (along cap base) align with the 
direction of the external field (top to bottom of image) and pack in a staggered fashion 
thereby maximizing the electric dipole-dipole interaction, configuration 2’. Addition of 
the secondary static magnetic field magnetizes the caps leading to the formation of 
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magnetic dipoles in the caps and collapse into the double chain structure via simultaneous 
closure of the gaps between the adjacent particles on both sides of the staggered chain. 
The arrow indicates the same dust particle before and after chain collapse revealing that 
the chain collapses towards its center point (for more information see Video S1 in ESI of 
Ref. 111). When the primary AC electric field is turned off, the double chain structure 
relaxes slightly to the characteristic angle of θ3 = 63 ± 1° and the inter-particle distance d3 
= 2.45 ± 0.05 µm (Table 5.2) reported in Chapter 3.
2
 In contrast, when the secondary 
static magnetic field is removed, the chain configuration stays undisturbed due to the 
remnant magnetization of the Fe3O4 caps.  
 
5.2.2 Application of Perpendicular AC Electric and Static Magnetic  
Field 
When the AC electric field is applied to the sample in the setup as shown in Figure 
5.1B, the Fe3O4 Janus particles form the expected staggered chains (Figure 5.3A) along 
the orientation of the external AC electric field (here left to right of the image). 
Subsequent application of the secondary static magnetic field perpendicular to the AC 
electric field initiates immediate rotation of the chain by 90° around its long axis (Figure 
5.3B). The chain length L3 = 47.2 µm remains unchanged during this rotation and the 
chain does not move laterally. After about 10 seconds individual Janus particles in the 
chains begin to "step-off" from the horizontal orientation (Figure 5.3C) and transform the 
chain orientation such that it aligns with the external static magnetic field (Figure 5.3D). 
The first "step-off" point occurs at a random position along the chain and subsequent 
“step-offs” may occur in more than one place along the chain. During the “step-off” 
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process the staggered chains reconfigure at a 9 particles per second rate into double 
chains with a characteristic angle of θ3 = 63 ± 1° and inter-particle distance d3 = 2.45 ± 
0.05 µm (Table 5.1). For the specific example shown in Figure 5.3 this reconfiguration is 
accompanied by a chain length reduction of ΔL = 18.7 µm (39.6%) ~1% less than the 
reduction (40.3%) observed in the parallel AC electric and static magnetic field assembly 
(see above).  
 
Figure 5.3 Fe3O4-capped Janus particles in perpendicular AC electric and static magnetic 
fields. (A) Staggered chain formed in applied horizontal AC electric field (VAC = 187.5 V, 
fAC = 75 kHz) with length L3 = 47.2 µm. (B) Staggered chain rotates around long axis 
upon application of a perpendicular static magnetic field (B = 0.008 T), whereas chain 
length, L, remains unchanged. (C) Mixed staggered (horizontal section) and double 
(vertical sections) chain configuration observed after 22 seconds of perpendicularly 
applied AC electric and static magnetic field. (D) Double chain configuration obtained 
after 24 sec with length L4 = 28.5 µm. (E) Schematic of electric dipole orientation 
resulting in staggered chain formation in horizontal AC electric field. Color scheme same 
as in Figure 5.2. (F) Schematic of electric (red, solid) and magnetic (black, dashed) dipole 
orientations after rotation of staggered chain around the long axis of the chain. (G) 
Schematic of electric (red, solid) and magnetic (black, dashed) dipole orientations in 
vertical sections of the chain in (C) and the entire chain in (D). Scale bars correspond to 5 
µm. 
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The electric and magnetic dipole orientations assigned to the Fe3O4 caps during the 
chain rotation and reconfiguration processes are illustrated schematically in Figure 5.3E 
to G. Initially, the electric dipole-dipole interactions lead to the typical staggered chain 
configuration along the AC electric field direction (Figure 5.3E). Addition of the 
perpendicular static magnetic field causes the instantaneous magnetization of the Fe3O4 
caps. As schematically shown in Figure 5.3E, the Fe3O4 caps in the staggered 
configuration are oriented such that their short axes (cap height) are aligned with the 
magnetic field direction. This cap orientation is energetically less favorable than the one 
in which the longer axis of the cap (along cap base) is aligned with the magnetic field 
leading to the rotation of the staggered chain around its long axis as illustrated in Figure 
5.3F. Interestingly, the caps depicted in Figure 5.3F have a 3’ configuration (Table 5.1), 
in which all magnetic dipoles are parallel to each other rendering the configuration 
energetically unfavorable, i.e., repulsive , whereas the electric dipoles are aligned head-
to-toe in the energetically favorable configuration 2’, i.e., attractive (Table 5.1). In other 
words, after rotation the chains are held together in a meta-stable configuration only by 
the electric dipole-dipole interaction due to the presence of the AC electric field. 
Brownian motion of the particles within the chains (ESI Video S2 of Ref. 111) enables 
particles to explore the off-axis energy landscape leading to rearrangement into the more 
stable double chain configuration along the direction of the static magnetic field. After 
removal of the static magnetic field the chains rotate 90° around both their center of mass 
and their horizontal axis and realign with the AC electric field without a change in the 
chain configuration, whereas removal of the primary AC electric field leads to a 90° 
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rotation around the chains’ long axis and a slightly relaxed double chain configuration 
with a characteristic angle of θ3 = 63 ± 1° and inter-particle distance d3 = 2.45 ± 0.05 µm. 
 
5.2.3 Application of Parallel Static Magnetic and AC Electric Field  
 
Figure 5.4 Fe3O4-capped Janus particles in parallel static magnetic and AC electric fields. 
(A) Double chain formed under applied static magnetic field (B = 0.008 T) with length of 
L5 = 37.9 µm. The particle to the left of the chain is not part of the chain and is included 
for reference. (B) 1% shorter double chain after application of a parallel AC electric field 
(VAC = 187.5 V, fAC = 75 kHz) with length of L6 = 37.5 µm. (C) Schematic of magentic 
dipole orientation causing double chain formation in magnetic field. Color scheme same 
as in Figure 3. (D) Schematic of electric and magnetic dipole orientations in parallel 
static magentic and AC electric fields. Scale bars correspond to 5 µm. 
 
As reported in Chapter 3,
2
 application of the static magnetic field leads to the 
assembly of double chains with a characteristic angle of θ3 = 63 ± 1° and inter-particle 
distance d3 = 2.45 ± 0.05 µm (Figure 5.4A). Subsequent addition of a secondary AC 
electric field in the parallel geometry shown in Figure 5.1A results in the instantaneous 
shrinking of the initial chain length of L5 = 37.9 µm to L6 = 37.5 µm (ΔL = 0.4 µm). This 
ΔL corresponds to a chain length reduction of only 1%. The shrunk structure (Figure 5.4B) 
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shows the same characteristic angle of θ2 = 60 ± 1° and inter-particle distance d2 = 2.40 ± 
0.02 µm as the chain depicted in Figure 5.2B. The mechanism proposed for this chain 
behavior is illustrated schematically in Figure 5.4C and D. The minor decrease in chain 
length results from the closure of the small gaps along the chain due to the attractive 
interaction of the AC field induced electric dipoles in the caps of adjacent particles 
located on the same side of the chain. The small gaps reopen when only the AC electric 
field is turned off (ESI Video S3 of Ref. 111) resulting in a reversibly responsive 
structure. 
 
5.2.4 Application of Perpendicular Static Magnetic and AC Electric  
Field   
Figure 5.5 summarizes the assembly behavior observed when the static magnetic 
field is applied first followed by the AC electric field in a perpendicular geometry (Figure 
5.1B). Application of the static magnetic field (top to bottom) leads to double chains with 
a characteristic angle of θ3 = 63 ± 1° and inter-particle distance d3 = 2.45 ± 0.05 µm 
along the direction of the external field. Note that the chain depicted in Figure 5.5 was 
chosen as its bottom section (14 particles) is stuck to the bottom of the sample cell. Upon 
application of the AC electric field (left to right in image) the upper portion of the chain 
immediately rotates 90° about its long axis without a change in the chain length (Figure 
5.5B). The AC electric field induced drift of chains (v = 2.9 µm/s, see above) along the 
direction of the AC electric field at the center of the cell, transports chains towards the 
arrested chain. Once the chains are within range, they interact with the arrested chain via 
two mechanisms (for more information see ESI Video S4 of Ref. 111).  
CHAPTER 5. FIELD DIRECTED ASSEMBLY OF IRON OXIDE JANUS                  77 
PARTICLES 
 
 
Figure 5.5 Fe3O4-capped Janus particles in perpendicular static magnetic and AC electric 
fields. (A) Double chain formed under applied static magnetic field (B = 0.008 T). Note 
bottom portion of the chain is adhered to substrate. (B) Double chain rotated around long 
axis of chain after application of perpendicular AC electric field (VAC = 187.5 V, fAC = 75 
kHz). (C) Rotated double chain packs closely with a second nearby rotated double chain 
after ~22 seconds. Initial distance between chains was 48.4 µm. Note, a third rotated 
double chain is also within packing range of the structure (upper right). (D) Third rotated 
double chain packs closely with the end of the second and along the length of the first 
rotated double chain. Removal of the AC electric field returns the system to separate 
chains as shown in A. (E) Schematic of magentic dipole orientation resulting in double 
chain formation in applied magentic field. Color scheme same as in Figure 5.2. (F) 
Schematic of magentic and electric dipole orientations after rotation of double chain and 
packing of rotated double chains due to perpendicularly applied static magnetic and AC 
electric fields. Scale bars correspond to 5 µm. 
 
In brief, when the chains are long and in alignment with (i) at least half of their 
particles, the chains snap together into a close-packed structure as seen in the bottom 
section of Figure 5.5C, whereas when the chains are short or overlap with (ii) less than 4 
particles, the incoming chain moves towards the end of the nearest chain and also forms a 
close-packed structure with other nearby chains (top section of Figure 5.5C). Figure 5.5E 
and F schematically depict the interaction of magnetic dipoles and electric dipoles, 
respectively. The overall time necessary for stacking depends on the initial distance 
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between the chains and the number density of chains. The formed structures disassemble 
and reassemble by switching the AC electric field off and on.  
Three observations stand out. As a result of the stronger magnetic field, the 
magnetic dipole-dipole interactions clearly dominate the assembly behavior of the Fe3O4-
capped Janus particles with respect to both the orientation of the major chain axis and the 
packing density within the chain. Further, the AC electric field aids in densification of the 
packing within the chains when applied parallel to the static magnetic field, and in chain 
stacking when applied perpendicular to the static magnetic field. Last but not least, the 
electric dipole-dipole interactions are reversible, while the magnetic dipole-dipole 
interactions are permanent. 
 
5.3 Discussion 
Fe3O4-capped Janus particles show an interesting plethora of assembly behaviors 
when exposed to external AC electric and static magnetic fields in parallel and 
perpendicular geometries. In order to better understand how these various assembly 
behaviors can be utilized in applications, one has to understand the dipole-dipole 
interactions guiding the observed behaviors.  
Application of either the AC electric or static magnetic field to a suspension of 
Fe3O4-capped Janus particles leads to the formation of electric and magnetic dipoles in 
the Fe3O4 caps, respectively. Close packing of these dipoles leads to staggered and 
double chains with characteristic angles of θ1 = 120 ± 5° and θ3 = 63 ± 1°, respectively, 
as reported in Chapter 3
2
 and previous work.
14,66
 The difference in the characteristic angle 
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observed for the two fields is attributed to a more off-center position for the magnetic 
dipoles.
110
 
Application of a static magnetic field to a staggered chain assembled by an initial 
AC electric field leads to the collapse of the staggered chain into a double chain (Figure 
5.2) as a result of the formation of magnetic dipoles in the Fe3O4 caps. In order to shed 
more light on the interactions leading to the collapse, we have analyzed the particle-pair 
interaction using the method described in Ref. 111. In brief, Image J is used to track the 
positions of individual particles as a function of time in high speed videos (500 fps). Next, 
the distance vs. time plot is differentiated to obtain a velocity vs. time plot. The velocity 
curve is converted into a force vs. distance curve using Equation 5.2, which equates the 
inter-particle force with the drag force experienced by the moving particles neglecting the 
inertial forces:
112,113
   
                                                    int 6er dragF F vr                                                (5.2) 
In Equation 5.2,  is the viscosity, v is the drag velocity, and r is the radius of the 
particle. The last step involves the integration of the force-distance curve with respect to 
distance yielding the pair interaction potential for two particles adjacent to each other on 
the same side of the chain. 
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Figure 5.6 Pair-interaction potentials for two particle pairs (solid and empty symbols) 
from two chains (blue squares and black circles) measured between two particles on the 
same side of the chains during collapse from staggered (right) to double chain 
configuration (left) in parallel applied AC electric and static magnetic fields.  
 
Figure 5.6 depicts the pair-interaction potential for two particle pairs in two 
different chains with a surprising R
-6
 dependence. If the chain collapse were only the 
result of magnetic dipole-dipole interactions, one would expect an R
-3
 dependence for the 
pair-interaction potential.
114
 The R
-6
 dependence indicates that the magnetic dipole-dipole 
interaction is screened. The most likely candidate for the observed screening is the 
electric dipole-dipole interaction that is maximized in the more open chain structure with 
θ1 = 120 ± 5°. To test this assumption, we have performed preliminary experiments at 
low-salt concentrations. The addition of salt increases the dielectric constant of the 
aqueous solution and leads to a reduction of the electric field experienced by the chain. 
Analysis of the chain collapse in the presence of salt (Rsol = 1 M) yields an R
-3
 
dependence. Higher salt concentrations result in sticking of the chains and particles to the 
sample cell due to a further decrease of the Debye length.  
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An interesting viscometer application
88
 of this chain reconfiguration behavior can 
be envisioned if the chain collapse process can be rendered reversible. Reversibility can 
be achieved by reduction of the magnetic dipole-dipole interaction. Since the magnetic 
interaction depends on the external magnetic field strength and the magnetic moment of 
the cap, a reduction in the external magnetic field strength, a thinner cap (lower magnetic 
moment), or a less magnetizable cap material are variables to explore in this regard. In 
addition, an increase of the external AC electric field can also lead to a better balance 
between the open AC electric field structure and the denser magnetic field structure. 
 
 
Figure 5.7 High-speed video image sequence of chain explosion observed upon removal 
of AC electric field when (A) chain is in the meta-stable state during chain 
reconfiguration in perpendicular AC electric and static magnetic field assembly and after 
the AC electric field is switched off for (B) t = 0 s, (C) t = 0.02 s, (D) t = 0.2 s, (E) t = 0.3 
s, and (F) 2 s. Scale bars correspond to 5 µm. 
 
The second interesting reconfiguration behavior involves the meta-stable state 
(Figure 5.3B) observed during re-configuration from staggered to double chain when a 
perpendicular AC electric/static magnetic field combination is employed. Figure 5.7 
shows high-speed (500 fps) camera still images of the chain explosion process observed 
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upon removal of the stabilizing AC electric field (left to right in image). Immediately 
after the AC electric field is removed, the chain starts to buckle. After an additional 0.3 s, 
the individual particles are seen rotating in such a manner that the long axes of their caps 
(cap diameter) align with the external static magnetic field (top to bottom in image) 
thereby quickly reducing the magnetic repulsion and confirming the parallel alignment of 
the magnetic dipoles in the caps of these meta-stable chains. It takes another 1.8 seconds 
until all particles have rotated and short, equidistant chains aligned with the static 
magnetic field are formed.  
The third assembly interaction of interest is the one depicted in Figure 5.5B – D. 
Here, the drift (v = 2.9 µm/s) caused by the external AC electric field, brings chains in 
close proximity such that they can interact and close-pack into a rhombohedral structure 
(a = b = c,   90). The rhombohedral structure is a result of the subtle interplay 
of electric and magnetic dipoles. The external static magnetic field keeps the major axis 
of the chains aligned, whereas the AC electric field aligns the short axis of the chain 
perpendicular to the AC electric field direction. As a result, the white particle in the top 
layer of Figure 5.5F is prevented from forming a cubic close-packed structure with the 
three particles closest to it in the bottom layer by moving into a position located above 
the center of the triangle formed by the three closest particles in the bottom layer. 
Removal of the AC electric field may enable the back and forth switching between a 
close-packed cubic and rhombohedral structure. The formed structure is interesting for a 
second reason as it represents a sheet-like material that has a very well defined magnetic 
layer at its center. Stacking of such sheets may lead to interesting new magnetic and 
optical materials.  
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The asymmetry of the magnetic and electric properties of Janus particles gives rise 
to a number of assembly and re-configuration behaviors not observed previously. Overall, 
the asymmetric particle properties lead to isolated chains with magnetic center pieces that 
are protected from further magnetic interaction by the non-magnetic, polystyrene portion 
of the particle. In addition, the asymmetry of the cap can be used to reversibly orient and 
stack these chains with the help of a perpendicular AC electric field. We believe that 
there are more assembly behaviors to discover as the magnitude and directionality of the 
dipole-dipole interaction is modified by use of (i) caps that are smaller in size and have 
various anisotropic shapes accessible by GLAD,
90,96
 (ii) shape-anisotropic particles, and 
(iii) particles with multiple patches.
95
        
 
5.4 Summary  
Chapter 5 explored the assembly of Fe3O4 Janus particles in overlapping static 
magnetic and AC electric fields in parallel and perpendicular geometry. The parallel field 
geometry leads to chain contractions, whereas the perpendicular geometry involves at 
least one rotation. In general, the observed assembly behavior can be attributed to a 
permanent magnetization of the Fe3O4 caps, while the electric dipole is a transient 
phenomenon. The electric and magnetic dipoles generated in the Fe3O4 caps by the 
external electric and magnetic fields, respectively, interact with adjacent dipoles and 
result in the observed chain reconfiguration (categorized by the characteristic angle, θ) 
and orientation. When the static magnetic field is applied in parallel with the AC electric 
field, chains are found to contract from a staggered to a double chain configuration with 
an R
-6
 dependence of the pair-interaction potential. The perpendicular AC electric/static 
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magnetic field application gives rise to an interesting meta-stable state that leads to a 
chain explosion when the stabilizing AC electric field is removed. The explosion 
fragments the initial chain into smaller fragments of 3-4 particles at equidistance. The 
contraction of the chain is a result of the magnetic dipole interaction, and the rotation of 
the chain is caused by a combination of both electric and magnetic dipole interactions. 
The Fe3O4 Janus particle assembly reported and analyzed here shows that Fe3O4 Janus 
particles can be manipulated by the sequence and orientation of the external fields into 
responsive structures that cannot be accessed with symmetric particles. 
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Chapter 6 
Application of Iron Oxide Janus Particles 
Two applications of magnetic Janus particles are explored in Chapter 6. The first 
application, a micro-viscometer,
115
 is based on the observations reported in Chapter 5.2.1, 
where the collapse from a staggered to a double chain configuration was observed for 
Fe3O4-capped Janus particles exposed to parallel AC electric and static magnetic fields. 
The second application, a magnetometer,
116
 is inspired by the difficulty experienced 
during this thesis to measure magnetic properties of Janus particles with magnetic caps. 
 
6.1 Viscosity Dependent Janus Particle Chain Dynamics 
Measuring the viscosity of chemical and biological fluids is a key issue in many 
industries ranging from chemical and manufacturing to pharmaceutical and food 
processing industries,117  because the ability of the fluid microstructure to rearrange under 
an imposed flow determines the macroscopic rheological response of the fluid. There are 
many types of viscometers that have been developed to measure the viscosity of a 
Newtonian fluid such as the falling sphere method,
118,119
 as well as capillary,
120-124
  
rotational/sliding,
125,126
 vibrational,
127
 and microfluidic viscometers.
128,129
 These various 
viscometry methods have in common that they contain the liquid they are measuring. As 
a result, the sample volumes required for measurements range from a few nanoliters to 
several milliliters.
124,130
 The viscosity range accessible with these viscometers is 1×10
-3
 to 
1×10
2
 Pa∙s.123,129,131,132 In addition, traditional viscometers often have complicated setups 
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and are expensive. Therefore, a low-cost and simple viscometer setup that requires only 
small sample volumes is highly desirable.  
In Chapter 5.2.1,
133
 a semiconducting and ferrimagnetic iron oxide (Fe3O4) capping 
material for Janus particles was identified that yields staggered and double chains in 
external AC electric and magnetic fields, respectively. The two chain configurations 
differ in length by ~40% yielding a visible chain length reduction during the 
configurational change (Figure 6.1). Here, the idea of an in situ micro-viscometer based 
on the behavior of such Fe3O4-capped Janus particle chains in solutions of varying 
viscosity is presented, which could be used to measure (i) viscosities of organic liquids 
for which only very limited sample volumes are available or (ii) in situ viscosities of 
closed systems such as cells or lab-on-a-chip devices. The low viscosity response (= 1 
– 30 mPa∙s) of Janus particle chains is calibrated using different ratios of glycerol (G 
=1.450 Pa∙s) and water (w =1×10
-3 Pa∙s),134 hereafter referred to as G:W ratio. The data 
 
 
Figure 6.1 Schematic of staggered Janus particle assembly in AC electric field, E, (Step 
1) and subsequent contraction into double chain configuration upon application of a 
parallel, static magnetic field, B, (Step 2). 
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presented in this subchapter shows that the average contraction rate of the Janus particle 
chains decreases with increasing viscosity of the surrounding medium and also scales 
with particle size.  
 
6.1.1 Experimental Details 
Materials. 1.17 ± 0.05, 2.06 ± 0.05, and 4.06 ± 0.21 m monodispersed silica 
(SiO2) powders by AngstromSphere are purchased from Fiber Optic Center, Inc. The as-
bought SiO2 powder is dispersed in deionized (DI) water (R = 18.2 M) at a 
concentration of 30wt% for monolayer assembly on microscope glass slides (Fisher 
Scientific, Inc.). 1/8"×1/8" iron (Fe) evaporation pellets (99.95%) from Kurt J. Lesker 
Company and 3-strand tungsten wire baskets (TedPella, Inc.) are used for the iron 
deposition in a 3:1 Ar/O2 mixture (Airgas Inc.) at 1×10
-3
 mbar. Glycerol 
(spectrophotometric grade, 99.5+%) from Acros Inc. is used to adjust the viscosity of the 
aqueous particle solution.  
Rheological Measurements. The viscosity of glycerol and glycerol:DI-water 
solutions is measured with an AR 2000 EX rheometer from TA Instruments Inc. at 20 °C. 
Pure water (1.5 ml) and four G:W ratios are used: 1:4 (0.3/1.2 mL), 1:2 (0.5/1 mL), 1:1 
(0.75/0.75 mL), and 2:1 (1/0.5 mL). Their viscosities are measured as: (0:1) = 1×10-3 
Pa∙s, (1:4) = 2.6 ± 0.5×10-3 Pa∙s, (1:2) = 4.3 ± 0.6×10-3 Pa∙s, (1:1) = 9.7 ± 1.0×10-3 
Pa∙s, and (2:1) = 29.6 ± 2.4×10-3 Pa∙s. As expected, the viscosity of the glycerol:water 
mixture increases with the amount of glycerol added. The viscosity curve at 20 °C as a 
function of the G:W ratio is provided in Figure 6.2. 
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Figure 6.2 Viscosity versus various G:W ratios. 
 
Janus Particle Fabrication and Chain Dynamics Measurement. Janus particles 
are prepared as reported in Chapter 3.
2
 In brief, SiO2 particle monolayers are made using 
an NE-1000 programmable syringe pump (New Era Pump Systems, Inc.). 50 nm of iron 
oxide (Fe3O4) is deposit on top of the monolayer using a bench top metal evaporator 
system (Cressington 308 R, Ted Pella, Inc.) with a 3:1 Ar:O2 background gas mixture at a 
pressure of 1×10
-3
 mbar, and a deposition rate in the range from 0.22 to 0.33 nm/s 
yielding Fe3O4. Subsequently, the Fe3O4 Janus particles are re-dispersed into the solution 
medium and exposed to an AC electric field followed by parallel application of an 
external magnetic field. The experimental setup is same as described in Figure 5.1 
(Chapter 5). For each experiment, 40 µL of the 0.07% w/v iron oxide Janus particle 
dispersion is placed into a cylindrical cell (D = 1 cm, h = 80 m) and covered with a 
microscope cover slide to prevent evaporation. The Janus particles randomly disperse in 
the cell and the solution is allowed to equilibrate for ~1 min prior to application of the 
AC electric field (112.6 V, 75 kHz) for 5 min to induce staggered chain formation within 
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the assembly cell. Upon formation, chains settle in a plane located about ~1-2 particle 
diameters above the bottom wall of the cell and retain their Brownian fluctuations. Then 
the U-shaped permanent magnet (0.008 T) is placed around the sample to induce a 
constant external magnetic field while the AC electric field is kept in place. Videos are 
taken with a UI-2240-C camera (Imaging Development Systems GmbH) mounted on an 
Olympus BX51 optical microscope to capture the configurational change from staggered 
to double chain. The videos are taken at 10 frames per second (fps) and all effective 
frames are analyzed using the procedure described in the supporting information. The 
contraction time, tc, is calculated in seconds by dividing the number of effective frames 
by the frame rate. Average contraction rates, kc,avg, reported are averages of at least eight 
chains per particle size and viscosity. In the case of the 4 m Fe3O4-capped SiO2 particles 
in DI water, a high-speed camera (Photron, Fastcam SA3, Model 120K-M3 LCA) is used 
to facilitate a more detailed chain contraction process analysis. 
 
6.1.2 Results 
The chain contraction process has been studied for Fe3O4 Janus particles with 
diameters of 1, 2, and 4 m in five viscosities. The following data is presented: (i) the 
Fe3O4 Janus particle chain contraction mechanism, (ii) the chain contraction rate as a 
function of time, particle size, number of particles in the chain, and viscosity, and (iii) a 
detailed analysis of the Janus particle chain contraction rate using high speed camera data. 
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Figure 6.3 Snapshots of a 4 m Fe3O4 Janus particle chain contracting in parallel applied 
AC electric and static magnetic fields. The white dot indicates the position of the chain 
center of mass at application of the static magnetic field (t0). The time interval, t, 
between two images is 0.1 s. Scale bar is 10 m. L1 and L2 indicate the chain length 
before and after contraction, respectively. 
 
Figure 6.3 shows a series of snapshots of a typical staggered 4 m Fe3O4-capped 
SiO2 Janus particle chain contracting into a double chain in DI water in the presence of 
the external AC electric and magnetic fields (Figure 6.1, Step 2). The chain with length, 
L1, forms upon application of the AC electric field (not shown) and addition of the 
magnetic field occurs at t0 = 0 s. Both fields are aligned such that their field lines orient 
from top to bottom of the image. The time interval between any two images is 0.1 s. The 
blurriness at the end of the chains in the images at t = 0.5 and 0.6 s is due to the fast 
motion of the particles during chain collapse. The images suggest that the chain contracts 
from the two ends towards the center of mass of the chain (original position of center of 
mass is indicated by the white dot), which does not move during the contraction of the 
chain to L2. During contraction, the Fe3O4 caps that face towards the center of the chain 
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connect to each other on both sides of the chain to form a wider continuous magnetic 
strip along the center of the chain (Figure 6.1, Step 2).  
 
Figure 6.4 Average particle-particle center distance, r, in the direction parallel to the 
external magnetic field as a function of time, t, for chains formed by 1, 2 and 4 m Fe3O4 
Janus particles undergoing the configurational change from staggered to double chain in: 
(A) pure water (w = 1×10
-3 Pa∙s) and G:W ratios of (B) 1:4 (1:4 = 2.6 ± 0.5×10
-3 Pa∙s), 
(C) 1:2 (1:2 = 4.3 ± 0.6×10
-3 Pa∙s), (D) 1:1 (1:1 = 9.7 ± 1.0×10
-3 Pa∙s), and (E) 2:1 (1:1 = 
29.6 ± 2.4×10
-3 Pa∙s). The static magnetic field is applied at t0 = 0 s. The top (blue), 
middle (red), and bottom (black symbols) data series correspond to 4 2, and 1 m Janus 
particle chains, respectively. Different symbols within the same data series (color) 
indicate chains with varying number of particles of the same particle size. The solid, 
dashed, and dotted lines indicate r values of 4.06, 2.06, and 1.17 m, respectively. 
 
In order to determine the effect of viscosity and particle size on the chain 
contraction process, 1, 2, and 4 m Fe3O4-capped SiO2 Janus particles are dispersed into 
solutions with known viscosities. Figure 6.4 shows average particle-particle center 
distance, r, (in the direction parallel to the external magnetic field) versus time, t, curves 
for the three particle sizes in (A) pure water (w = 1×10
-3 Pa∙s) and G:W mixtures of (B) 
1:4 (1:4 = (2.6 ± 0.5)×10
-3 Pa∙s), (C) 1:2 (1:2 = (4.3 ± 0.6)×10
-3 Pa∙s), (D) 1:1 (1:1 = (9.7 
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± 1.0)×10
-3 Pa∙s) and (E) 2:1 (2:1 = (29.6± 2.4)×10
-3 Pa∙s). Top (blue), middle (red), and 
bottom (black symbols) data series in each graph correspond to 4, 2, and 1 m Fe3O4-
capped SiO2 Janus particles, respectively. Each curve plotted in Figure 6.4 starts at t0 = 0 
s, i.e., the time when the magnetic field is applied and the chain has not contracted yet. 
The average particle-particle center distance, r, for each chain is calculated using r = 2(L-
d)/(n-1), where L is the total chain length measured by ImageJ as illustrated in Figure 6.3, 
d is the average diameter of the particle as provided by AngstromSphere (see 
experimental details), (L - d) is the particle center to center distance of the two outmost 
particles in a chain, and n is number of particles in the chain. Normalizing (L - d) by (n - 
1) and multiplying by 2 results in average r values that are independent of chain length 
and thus collapse all curves for a particular particle size onto a single master curve. The r 
values for the collapsed chains, i.e., at longer times, line up well with the average 
diameter values of 1.17, 2.06, and 4.06 m (dotted, dashed, and solid lines, respectively) 
since the particle-particle center distance is equivalent to the diameter in the close-packed 
double chain. The slight translation shift of the curves for a specific particle size (most 
prominent for 1 m particles) is a reflection of the size distribution of the silica particles, 
the batch-to-batch cap material variation, and small variations in the chain structure as 
well as the accuracy with which the chain length can be determined using optical 
microscopy. 
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Table 6.1 Average chain contraction rates, kc,avg, in m/s for 1, 2, and 4 m Fe3O4-
capped SiO2 Janus particle chains in various G:W ratios. 
G:W Ratio Water 1:4 1:2 1:1 2:1 
1 m 3.4 ± 0.6 3.0 ± 0.6 2.0 ± 0.6 1.3 ± 0.4 0.9 ± 0.2 
2 m 6.2 ± 0.5 5.0 ± 0.4 3.4 ± 0.7 2.0 ± 0.5 1.3 ± 0.6 
4 m 7.6 ± 0.7 6.7 ± 0.5 4.7 ± 0.7 3.2 ± 0.8 2.0 ± 0.9 
 
 
Figure 6.5 Chain contraction rate, kc, vs. number of particles in 1 m (black triangles), 2 
m (red circles) and 4 m (blue squares) Janus particle chains in (A) pure water, and in 
G:W ratios of (B) 1:4, (C) 1:2, (D) 1:1, and (E) 2:1. 
 
The average particle chain contraction rates, kc,avg, shown in Table 6.1 are obtained 
from three batches of samples that have been characterized for chain assembly and 
contraction. The Janus particles for all three batches are fabricated under identical 
conditions. kc,avg is calculated by averaging the contraction rate of at least eight 
measurements at a particular viscosity and a particular particle size (see Appendix A). 
The error is given as one standard deviation. Note, the chains analyzed in Figure 6.4 have 
varying lengths indicated by different symbols. Plotting kc of a specific chain versus the 
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number of particles in that chain at various viscosities shows no distinct correlation at 
G:W ratios of 0:1, 1:4, 1:2, and 1:1, whereas a weak negative correlation of kc with the 
number of particles is observed at a G:W ratio of 2:1 shown in Figure 6.5. As can be seen 
in Figures 6.3 and 6.4, the process of chain collapse occurs within one second. Thus, in 
order to analyze the collapse process in more detail, a high speed camera (2000 fps) is 
used. 
 
Figure 6.6 Chain contraction process monitored at 2000 fps for a chain composed of 
seven 4 m Fe3O4-capped SiO2 Janus particles contracting in pure water (G:W=0:1). (A) 
Total chain length, L, as function of time, t. Insets show chain before and after 
contraction. (B) Particle-particle center distance, rP-P, in the direction parallel to the 
external magnetic field between two adjacent particles positioned on the same side of the 
chain as a function of time, t. The inset shows the chain prior to application of the 
magnetic field with particles labeled consecutively. Symbols indicate particle pairs: blue 
squares – P1 and P3, red circles – P3 and P5, orange up triangles – P5 and P7, black 
down triangles – P2 and P4, and yellow diamond – P4 and P6.  
 
Figure 6.6 summarizes the high-speed contraction analysis for one 4 m Fe3O4-
capped SiO2 Janus particle chain in water (G:W = 0:1). The total chain length, L, and the 
change in particle-particle center distance, rP-P, are given as a function of time, t, upon 
application of the magnetic field in Figure 6.6A and B, respectively. There are 7 particles 
in the chain (see inset Figure 6.6A), the initial chain length is Li = 23.8 m and the final 
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chain length is Lf = 15.3 m, resulting in a change in chain length of L = 8.5 m. t0 = 0 s 
represents the time at which the magnetic field is added. The chain contraction process is 
recorded in 2147 effective frames at 2000 fps, which results in a contraction time of tc = 
1.1 s and a contraction rate of kc = 7.7 m/s. Each colored curve in Figure 6.6B 
represents rP-P as a function of time for a set of two particles that are situated on the same 
side of the chain. Particles are numbered consecutively starting at the top of the chain as 
indicated in the inset of Figure 6.6B. Five particle pairs are analyzed P1–P3, P3–P5, P5–
P7, P2–P4, and P4–P6. The contraction process of the P3-P5 particle pair begins 0.51 s 
after the addition of the magnetic field and P1-P3, P5-P7, P2-P4, and P4-P6 start to 
contract 154, 98, 250, and 7 ms after the P3-P5 particle pair, indicating that gaps close in 
a random sequence along the chain. Differences in initial rP-P values are attributed to the 
slight non-uniformity of the chain structure and size distribution of the particles. 
Effective frames used for analysis start at a r > 1.0%, and end when r < 1.0%. Table 
6.2 gives the contraction rates, kc(P-P), for each particle pair and the geometric 
parameters obtained from the image analysis. 
 
Table 6.2 Contraction rates of particle pairs, kc(P-P), in a 4 m Fe3O4-capped SiO2 Janus 
particle chain in the presence of the AC electric field upon addition of an external 
magnetic field of 0.008 T. 
 
Effective 
Frames 
tc (s) rinitial (m) rfinal (m) rP-P (m) 
kc(P-P) 
(m/s) 
P1–P3 1122 0.56 6.68 3.71 2.98 5.30 
P3–P5 1675 0.84 6.42 3.67 2.75 3.28 
P5–P7 1033 0.25 6.39 3.85 2.54 4.91 
P2–P4 801 0.40 6.64 3.93 2.70 6.75 
P4–P6 1444 0.72 6.21 3.81 2.40 3.33 
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The fact that the five curves in Figure 6.6B have nearly identical shapes and overlap 
allows the conclusion that the five gaps close with a similar rate and within a narrow time 
interval (tc = 0.6 ± 0.2 s) indicating that the contraction is caused by instantaneous 
magnetization of and resulting magnetic dipole-dipole interactions between the Fe3O4 
caps. The average contraction rate of all five pairs of particles is calculated as kc(P-P)avg 
= 4.7 ± 1.5 m/s. 
 
6.1.3 Discussion 
The Fe3O4 cap endows the Janus particles with a semiconducting property resulting 
in the assembly of particles in a staggered chain configuration upon exposure to an 
external AC electric field owing to the electric dipole-dipole interactions between the 
caps (Figure 6.1, Step 1).
135
 Upon application of a static magnetic field, the ferrimagentic 
nature of the Fe3O4 cap material (Ms = 445 emu/cm
3
)
133
 leads to an instantaneous 
magnetization of the caps along the long axis of the cap (i.e., along the cap base) and 
subsequent contraction of the staggered chain configuration into a double chain 
configuration due to magnetic dipole-dipole interactions (Figure 6.1, step 2). The cause 
for the change from staggered to double chain configuration is not well understood; 
however, preliminary simulation results indicate that the configuration change is a result 
of a shifted magnetic dipole in the Janus cap.
110
 Monitoring the center of mass position of 
the chains during the contraction process (Figure 6.3) reveals that the chains contract 
towards their center of mass, while the center of mass does not move. In addition, high 
resolution imaging reveals that particle pairs close at a comparable rate in pure water 
(Figure 6.6). These observations have two implications: (i) the outmost particles of the 
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chain will experience the highest velocity (vP) and largest drag force (Fdrag ~ RvP) 
during contraction, i.e., the chain contraction rate, kc, should be viscosity () and particle-
size dependent (d = 2R) and (ii) kc should correlate with chain length (L), i.e., a longer 
chain requires the outmost particle to move faster to cover a longer distance (L) in the 
same amount of time (tc) assuming that the gaps between particle pairs close 
simultaneously along the chain. 
 
Figure 6.7 Plot of average contraction rate, kc,avg, as a function of solution viscosity, , 
for (A) 4 m (blue squares), (B) 2m (red circles), and (C) 1 m (black triangles) Fe3O4-
capped SiO2 Janus particle chains. The solid lines are least square fits obtained by 
adjusting the coefficients A and B in Equation 6.7 (see text for details). 
 
Figure 6.7 displays the experimental average contraction rates, kc,avg, obtained for 
(A) 4m, (B) 2 m, and (C) 1m Janus particles at five viscosities (Figure 6.4). For each 
particle size, kc,avg decreases exponentially with increasing viscosity and more linearly 
with decreasing particle size in good agreement with implication (i) mentioned above. 
After a pronounced drop in rate of more than 40% in the 1 to 5×10
-3 Pa∙s region, the 
contraction rate decreases more slowly (~5%) in the 5 to 10×10
-3 Pa∙s range. Surprisingly, 
at viscosities above 10×10
-3 Pa∙s, the contraction rates are non-zero and nearly constant, 
i.e., kc,avg < 0.1%. The error bars in Figure 6.7 represent one standard deviation. Four 
factors contribute to the uncertainty of the kc,avg values: (i) the batch-to-batch variation in 
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the cap material as indicated by the range of resistances (2.7 ± 0.7 k to 110 ± 50 k) 
reported in Chapter 3,
2
 which affects both the electric field and the magnetic field 
interactions, (ii) the variation in particle size, which leads to a variation in the drag force, 
(iii) slight variations in chain structure resulting from defects in the caps, and (iv) the 
accuracy of chain length measurement due to the limited optical resolution. Some of 
those factors can be further minimized by, for example, choosing a different capping 
material, using larger magnetic and/or electric fields, or employing a less packed 
monolayer to avoid cap defects. In order to apply this structural transition as a tool for 
viscosity measurements, kc,avg has to be fitted with a well-defined relation between kc and 
the viscosity, , of the surrounding medium, which can be found by analysis of the forces 
acting on the particles in the chain. 
In a first approximation, three forces are at work when the chain undergoes the 
configurational change; (i) the magnetic dipole-dipole interaction, Fmag, which results 
from magnetization of the Fe3O4 caps and initiates the collapse, (ii) the electric dipole-
dipole interaction, Felectric, which opposes the collapse due to the applied AC electric 
field, and (iii) the drag force, Fdrag, which opposes the particle movement due to the 
surrounding liquid and is largest at the two ends of the particle chain. When the velocity 
of the particles reaches a constant rate during the contraction, the sum of the magnetic 
and electric dipole-dipole interaction forces and the drag force has to be zero leading to 
the force balance given in Equation 6.1,when inertial forces are neglected (note Fdrag >> 
Finertial by four orders of magnitude in the experiments reported here):
136,137
 
                                                       mag electric dragF F F                                                  (6.1) 
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The magnetic dipole-dipole interaction force can be expressed by Equation 6.2, in 
which m1 and m2 are the magnetic dipole moments of two interacting Janus particles, 0 = 
4×10-7 N/A2 is the vacuum permeability, and r is the distance between two particle 
centers. The magnitude of the magnetic dipole moment of the Fe3O4 cap is determined by 
the size of the particle and the thickness of the Fe3O4 cap. Since the magnetic field is 
constant (B = 0.008 T), r is the only variable in Equation 6.2.
138
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The electric dipole-dipole interaction force can be calculated by Equation 6.3a, in 
which p1 and p2 are the electric dipole moments of two interacting particles, 0 = 
8.854×10
-12
 F/m is the vacuum permittivity, and r is the complex dielectric constant.
139
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Since glycerol is used to adjust the viscosity of the aqueous solution, the complex 
dielectric constant r varies with the ratio of glycerol (glycerol = 42.5) to water (water = 
80.7).
140
 The specific relation between  and r of the glycerol:water system is given in 
Equation 6.3b and its derivation is presented in Figure 6.8. 
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Figure 6.8 Complex dielectric constant, e, as a function of the viscosities at various G:W 
ratios. The red curve represents a power fit with an exponent of -0.1. 
 
The drag force results from the friction experienced by the particles when moving 
through the liquid during contraction towards the chain center, and is expressed in 
Equation 6.4a, which is also known as Stokes’ Law.141 
                                             6 3drag p cF Rv Rk                                              (6.4a) 
                                                             2c pk v                                                          (6.4b) 
In Equation 6.4a, µ is the viscosity of the fluid, R is an effective particle radius, and 
vP is the velocity of the outmost particle, which is related to the measured contraction 
rate, kc, by Equation 6.4b since both particles at the two ends of the chain contribute to 
the chain length change L during tc, which is used to calculate kc = L/tc. 
Insertion of Equations 6.2, 6.3, and 6.4a into Equation 6.1 yields Equation 6.5: 
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Rearranging Equation 6.5 for kc and replacing r as shown in Equation 6.3b yields 
Equation 6.6:  
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which can be further simplified into Equation 6.7 by combination of all electric and 
magnetic constants into coefficients A and B, respectively: 
                                                         
0.9c
A B
k
 
                                                         (6.7) 
Equation 6.7 shows that the chain contraction rate has an exponentially decreasing 
relationship with the viscosity of the surrounding medium in good agreement with the 
experimental findings (Figure 6.7). Detailed derivation of Equation 6.7 is given in 
Appendix B.1. In addition, kc is a function of the radius of the particle and depends on the 
magnetic and electric properties of the cap material. Fitting of Equation 6.7 to the 
experimental data depicted in Figure 6.7 yields values for coefficients A and B that are 
summarized in Table 6.3. A least square fitting (LSF) procedure is used to obtain the best 
fit and a Matlab analysis (MA) routine is used to determine the range for coefficients A 
and B (see Appendix B.2). Interestingly, coefficients A and B are very comparable in size 
with A being always slightly larger than B.  
 
Table 6.3 Values and ranges for coefficients A and B obtained from least square fitting 
(LSF) procedure and Matlab analysis (MA), respectively, of kc,avg vs. data depicted in 
Figure 6.7. 
 1 m 2 m 4 m 
 LSF MA LSF MA LSF MA 
A = 1 2
2 4
0955
p p
R r 
 40 39-51 60 58-71 93 83-102 
B = 0 1 2
2 42
m m
Rr


 36 35-48 54 51-65 86 75-95 
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From Table 6.3, it is apparent that coefficients A and B strongly depend on particle 
size. This observation is in good agreement with the fact that these coefficients are a 
collection of electric and magnetic properties, respectively, which depend on the Fe3O4 
cap size. The Fe3O4 cap is proportional to the square of the particle radius. The cap 
volume of the 4 m Fe3O4 Janus particles is 4 and 15 times larger than that of a 2 and 1 
m Janus particle, respectively. Thus, the 4 m Janus particles experience the strongest 
magnetic dipole-dipole interaction when the magnetic field is applied, while the 2 m 
Janus particles have less magnetic interaction with the 1 m Janus particle-particle 
interaction being the weakest. The same can be said for the electric properties, coefficient 
B. 
Implication (ii) predicted the dependence of the kc on chain length. As shown in 
Figure 6.5, no distinct linear correlation between chain length and kc is observed for the kc 
values at G:W ratios of 0:1, 1:4, 1:2, and 1:1; however, at the highest viscosity a weak 
negative linear correlation is observed. The rationale for this finding is that while 
particle-particle gaps within one chain close at a similar rate, i.e., the magnetic dipole-
dipole interaction is not affected by the changing glycerol:water ratio, the interval 
between particle-particle gap closures increases with increasing viscosity. 
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Figure 6.9 Number of closed particle pairs along a chain comprised of 4 m Fe3O4 Janus 
particles vs. time elapsed since addition of magnetic field. Colors indicate various G:W 
ratios (black – 0:1, red – 1:4, green – 1:2, blue – 1:1, and purple – 2:1).  
 
Figure 6.9 depicts the number of gaps closed for a representative set of 4 m Fe3O4 
Janus particle chains at the five viscosities as a function of time. Note t = 0 s is the time 
when the magnetic field is added. With increasing viscosity, the slope of the lines 
increases from 0.05 to 0.62 indicating longer intervals between particle-particle gap 
closures. The intercept with the time axis also increases with increasing viscosity from 
0.43 to 1.52 indicating that the time interval between addition of the magnetic field and 
closure of the first gap increases in good agreement with the more delayed onset of 
contraction observed with increased viscosity (Figure 6.4).  
A simple force balance model has been employed, which likely does not account 
for all forces acting within the system. For example, the model is limited to only include 
forces due to the external electric and magnetic fields and assumes them to be balanced 
with the drag force acting on the outermost particles in the chain. In addition, only 
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electric and magnetic dipole interactions parallel to the external fields along the particle-
particle center distance are considered. Further, only the dipole-dipole interaction 
between two-particle pairs (1-3, 3-5, 5-7 etc. as shown in Figure 6.6) is included. 
Additional interactions beyond those particle pairs are ignored due to the short ranged 
interaction of dipole-dipole forces (r
-4
 dependence). As mentioned in the experimental 
details section, the particle chains are formed near the bottom of the cell and thus are 
likely to have some interaction with the cell wall. Both the particles and the cell wall are 
negatively charged in aqueous solution. However, the addition of glycerol changes the 
dielectric constant of the medium thereby reducing the Debye length (by ~20%). A 
smaller Debye length will bring the chains closer to the wall and may result in stickiness 
of the wall, potentially explaining the delay in chain contraction (Figures 6.4 and 6.9). 
However, at the same time, lubrication forces
142
 may arise as the chains move closer to 
the wall leading to the underestimation of kc,avg values at the highest viscosity (Figure 
6.7). Overall, excellent agreement between the kc,avg values and the model is found for all 
three particle sizes justifying the simple force balance model as a first approximation.  
The measurements presented and analyzed here use 40 l of a 0.07% w/v Janus 
particle suspension. However, only 8 to 17 of the formed chains containing 4 to 14Janus 
particles were analyzed to obtain kc,avg. The maximum number of 238 particles can be 
easily distributed into a volume of a few picoliters. Two limitations of the proposed in 
situ micro-viscometer at this time are its upper viscosity limit of 30×10
-3 Pa∙s and its 
irreversible chain contraction. Fortunately, many aqueous suspensions and organic 
compounds (less than 18 carbons) have viscosities below 30×10
-3 Pa∙s.89 In addition, a 
more magnetic cap material or a stronger magnetic field could be used to increase the 
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accessible viscosity range. The reversibility of the chain contraction is the subject of 
ongoing research. The advantages of the micro-viscometer are that: (i) it requires only 
picoliter volumes of fluid and (ii) the setup is straightforward, i.e., Fe3O4 Janus particles 
are added to the target fluid, followed by external application of first an electric and then 
a second magnetic field to assemble the staggered chain and observe its contraction.  
 
6.1.4 Summary 
The contraction of staggered chains formed in an external AC electric field to 
double chains upon application of a parallel magnetic field has been analyzed for 1, 2, 
and 4 m Fe3O4 capped SiO2 Janus particles. The chain contraction processes is recorded 
at viscosities of 1×10
-3
, (2.6 ± 0.5)×10
-3
, (4.3 ± 0.6)×10
-3
, (9.7 ± 1.0)×10
-3
 and (29.6 ± 
2.4)×10
-3 Pa∙s yielding average chain contraction rates, kc,avg, that decreases with 
increasing viscosity. kc,avg is found to be also particle-size dependent, i.e., it decreases 
with decreasing particle size, and shows a weak to moderate dependence on chain length. 
Calibration curves for 1, 2 and 4 m Fe3O4 Janus particle chain contraction rates vs. 
viscosity are obtained that can be fitted to a functional of the form kc = 0.9
A B
 
  derived 
from a simple, first-order force balance of electric, magnetic, and drag forces. According 
to this calibration curve, the corresponding viscosity at a measured chain contraction rate 
can be determined illustrating the potential use of Fe3O4 Janus particle chains as in situ 
micro-viscometers.  
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6.2 A Micro-magnetometer: Measuring the Magnetic 
Properties of Iron Oxide Nanometer Films using Janus 
Particles 
 
In Chapter 3, the cap materials of the two types of iron oxide Janus particles that 
showed double and staggered chain formation in response to an externally applied 
magnetic field were assigned as Fe3O4 and Fe1-xO, respectively, based on the 
characterization of their resistivity and formation conditions.
2
 This material assignment 
was further supported by the materials characterization performed in Chapter 4. It was 
also argued in Chapter 3 that the Fe1-xO Janus particles would have a lower magnetic 
strength based on their weaker chain structure and the published literature saturation 
values for bulk Fe3O4 and Fe1-xO (Ms (Fe3O4) = 254−480 emu/cm
3 26,91
 vs. Ms (Fe1−xO) = 
65−198 emu/cm3 10,26), which led to the conclusion that the variation in chain structure 
might be a result of the difference in the magnetic strength and inspired the search for a 
way to measure the magnetic strength using the interaction between pairs of Janus 
particles. 
Traditional methods used to measure the magnetic properties of a material such as 
vibrating sample magnetometer (VSM),
143
 Hall effect magnetometers, and 
superconducting quantum interference device (SQUID) magnetometers
144
 generally 
require a low operating temperature obtained by cooling with liquid helium. In addition, 
some of these methods need the magnetic material in powder form or as a film with a 
minimum thickness of a few hundred nanometers. Further, the data obtained from 
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traditional magnetometers represents the average magnetic property of the entire material 
located in the sample chamber, which leads to a number of approximations that need to 
be made when a magnetically anisotropic material such as a magnetic Janus particle is 
measured. Therefore, a simple method for measuring the precise magnetic property of a 
Janus cap material, i.e., very small volume (cubic micrometers), at room temperature 
would be quite useful in better understanding the origin for the different assembly 
behaviors observed for Fe1-xO and Fe3O4-capped Janus particles. 
In the following, the magnetic interaction of pairs of iron oxide Janus particles is 
used to determine the magnetization, M, of the Janus particle cap. Each pair of iron oxide 
Janus particles is assembled into doublets through the application of an external magnetic 
field. Using the magnetic dipole-dipole interaction, the attractive interaction force 
between two Janus particles is determined and used to calculate the magnetization of the 
Janus particle. M values obtained from the Janus particle doublet method are compared to 
those from SQUID magneto-measurements. If proven to be feasible, the Janus particle 
doublet method would have the following advantages over standard magnetometers: (i) 
simple setup, i.e., all measurements can be done at room temperature in any solution 
suitable for the Janus particles under study; (ii) only two Janus particles are needed for 
each measurement; (iii) the size and material of the Janus particle is only restricted by 
optical limitations; and (iv) no approximations are necessary in the magnetic property 
calculation. 
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6.2.1 Experimental Section 
Materials. 30 wt% of 1, 2, and 4 m silica (SiO2) and 8 wt% of 4 m sulfate-
terminated polystyrene (sPS) particle dispersions are used for monolayer assembly. The 
mono-dispersed SiO2 powders are purchased from Fiber Optic Center, Inc. PS particles 
are purchased from Molecular Probes Inc. The particle solution preparation is based on 
the standard procedure described in Chapter 3.
2
 Microscope glass slides for monolayer 
assembly are obtained from Fisher Scientific, Inc. Two types of iron oxides (Fe3O4 and 
Fe1-xO) are obtained by controlling the deposition rate during the iron evaporation.
2
 A 
custom blend of an Ar:O2=3:1 mixture from Airgas Inc. is used as background gas during 
deposition. A piece of 1"×1" hydrophobic acrylic adhesive polyolefin tape (3M Inc.) with 
a hole of 1 cm in diameter is glued onto a piece of 3"×1" glass slide to create a sample 
cell. 
Equipment. The iron oxide caps are generated by evaporation of iron in a bench top 
metal evaporator system (Cressington 308R, Ted Pella, Inc.). A high speed camera 
(Photron, Fastcam SA3, Model 120K-M3 LCA) mounted onto the optical microscope 
(Olympus BX51) is used to monitor the assembly process of the Janus particle doublets at 
500 frames per second. The magnetization hysteresis loop is measured by a SQUID based 
Magnetic Property Measurement System (MPMS
®
) from Quantum Design Inc. The 
closed packed iron oxide Janus particle monolayer sample is fabricated on a 10×5 mm 
silicon wafer for SQUID measurements. 
Magnetic Janus Particle Interaction Test. Fe3O4 and Fe1-xO capped Janus particles 
are removed from the glass substrate and dispersed in deionized water by sonication. The 
sample cell is cleaned with deionized water followed by isopropanol and rinsed with 
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deionized water again, and then the sample cell is dried with compressed nitrogen. After 
each test, the sample cell is cleaned by the same procedure. For each experiment, 40 µL 
of iron oxide Janus particle solution is placed into the acrylic cell and subsequently 
covered with a microscope cover slide to prevent evaporation and convective currents. 
The Janus particles randomly disperse in the cell and the solution is allowed to equilibrate 
for 1 minute prior to application of a magnetic field that magnetizes the Janus particles. 
The magnetic field is generated by a 0.008 T U-shaped permanent magnet, and the 
sample cell is placed between the two straight parts of the magnet in order to have a 
parallel magnetic field in the sample cell. A magnetic dipole is generated inside each 
particle after exposure to the external magnetic field, allowing the adjacent particles to 
interact with each other and assemble into doublets. The entire process is recorded with a 
high speed camera at 500 fps.  
Image Analysis. The image analysis is performed with ImageJ using the standard 
procedure described in our previous work.
133
 In brief, the video is analyzed in ImageJ 
such that the coordinates of each particle center for each frame is obtained. The starting 
point of the image analysis is chosen as the point when two particles begin to move 
towards each other and the distance change between two particles in two consecutive 
frames is equal to or larger than 0.5% of the initial inter-particle distance. 
 
6.2.2 Results 
The magnetic particle-particle interaction between Fe3O4 and Fe1-xO capped Janus 
particles is analyzed with respect to the following aspects; (i) formation and orientation 
of the doublet compared to the direction of the magnetic field, (ii) relationship between 
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inter-particle distance and particle interaction energy, and (iii) effect of particle size and 
material on particle interaction energy. In addition, results from SQUID measurements 
performed on as-prepared Janus particle monolayers on a silicon wafer piece are 
presented.  
 
Figure 6.10 Snapshots of doublet formation process for 4 m Fe3O4 (A-E) and Fe1-xO (F-
J) capped SiO2 Janus particles in a 0.008 T magnetic field. The time interval between two 
images is 0.25 s for Fe3O4 JP doublet and 0.15 s for the Fe1-xO doublet. The scale bar is 5 
m. 
 
The formation of iron oxide Janus particle (JP) doublets is monitored using high-
speed video capture with an optical microscope. Figure 6.10 shows snapshots of two sets 
of iron oxide Janus particles forming JP doublets in a magnetic field. One of the sets 
carries a Fe3O4 cap (Figure 6.10A-E), while the other is decorated with a Fe1-xO cap 
(Figure 6.10F-J). The time intervals between images are 0.25 s and 0.15 s, respectively. 
Note, the Janus particles are initially oriented (Figure 6.10A and F) by the magnetization 
with the base of their cap parallel to the external magnetic field (top to bottom of image), 
but can rotate freely around the axis that is parallel to the external field, which leads to a 
number of different starting configurations discussed below. In addition, a clear 
difference in the orientation of the two sets of Janus particles with respect to each other is 
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observed and confirmed by the orientation of the final doublets in Figure 6.10E and J. 
The Fe3O4-capped JP doublet exhibits an angle of DC = 52 ± 3°, whereas the Fe1-xO 
capped JP doublet shows SC = 43 ± 7° in good agreement with earlier reports.
2
 
From image sequences as the one shown in Figure 6.10, the interaction energy 
between two magnetic Janus particles can be determined using the force balance given in 
Equation 6.8, which equates the drag force, Fdrag, acting on the two particles with the 
inter-particle interaction force, Finter, and assumes that inertial forces are negligible.
136,137
  
                                                     int 6er dragF F vr                                                  (6.8) 
is the viscosity of the fluid (here DI-water = 1×10
-3 Pa∙s), v is the approach velocity of 
the two particles, and r is the radius of the Janus particles.  
 
Figure 6.11 (A) Approach velocity, v, of 4 m Fe3O4-capped SiO2 Janus particle as a 
function of inter-particle distance, R. Inset represents the inter-particle distance as a 
function of time. (B) The inter-particle force as function of R. Inset is the particle 
interaction energy normalized by kBT as a function of R.  
 
Figure 6.11 summarizes the analysis performed for each JP doublet. Image analysis 
results in inter-particle distance, R, vs time, t, curves (inset of Figure 6.11A). Note, since 
R is measured as the distance between the centers of the two Janus particles, an R = 4 m 
indicates that a set of 4 m Janus particles are in contact. Next, the first order derivative 
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of R over time is taken, which provides the approach velocity of the Janus particles, v, vs 
t (Figure 6.11A) Using the definition for Fdrag given in Equation 6.8, the inter-particle 
force, Finter, is calculated and depicted in Figure 6.11B as function of R. Last, the particle-
interaction energy, U, between two magnetic Janus particles is calculated as the integral 
of Finter over R (Equation 6.9) and depicted in the inset of Figure 6.11B after 
normalization with kBT.  
                                                                            (6.9) 
In order to elucidate the effect of particle size, cap material, and base particle 
material on the magnetic particle interaction energy, the formation of doublets from 1, 2, 
and 4 m Janus particles with iron, Fe3O4, and Fe1-xO caps and a silica and polystyrene 
base particle are measured and summarized in Figure 6.12. Figure 6.12A and B depict the 
particle-size dependence of U/kBT for Fe3O4 and Fe1-xO capped SiO2 JP doublets with 
particle diameters of 1, 2, and 4 m, respectively. Figure 6.12C and D illustrate the effect 
of cap material (iron, Fe3O4, or Fe1-xO) and particle material on the magnetic particle 
interaction energy for Janus particle with a diameter of 4 m, respectively. From the data 
shown in Figure 6.12 it can be concluded that U/kBT (i) decreases by an order of 
magnitude going from a 4 m to a 1 m particle, i.e., the amount of material in the cap 
decreases, (ii) decreases with a decrease in the magnetic strength of the capping material 
(iron > Fe1-xO > Fe3O4), and (iii) is independent of the material used for the base particle 
as long as it does not contribute any magnetic moment. In addition, U/kBT shows the 
expected R
-3
 dependence for dipole-dipole interaction.  
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Figure 6.12 Particle interaction energy normalized by kBT between pairs of Janus 
particles as a function of inter-particle distance, R. (A)  1, 2, and 4 m Fe3O4-capped 
SiO2 Janus particles, (B) 1, 2, and 4 m Fe1-xO-capped SiO2 Janus particles, (C) 4 m 
SiO2 Janus particles capped with various caps (pure iron – blue squares, Fe1-xO – red 
triangle down, and Fe3O4 – black triangle up), and (D) 4 m Fe3O4-capped SiO2 Janus 
particles (black squares) and 4 m Fe3O4-capped sPS Janus particles (purple diamonds).  
 
The most interesting information to be gleaned from Figure 6.12 is the prefactor C, 
for a fit described by the function U(R)/kBT = C (R)
-p
. Fitting the twelve U/kBT values 
with the lowest R values of each curve to the function U(R)/kBT = C (R)
-p
, the prefactor C 
and the power p are determined. Table 6.4 summarizes the C and p values obtained for 
the data shown in Figure 6.12A and B. C divided by R
p
 at R = dparticle represents the 
maximum achievable magnetic particle interaction energy for two Janus particles in 
contact normalized with kBT. It depends on the volume of the magnetic material, Vmag, 
and the magnetization of the material, M (see discussion). 
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Table 6.4 Prefactor C obtained from fitting of the particle interaction energy data for JP 
doublets formed from Fe3O4- and Fe1-xO-capped silica particles of 1, 2, and 4 m shown 
in Figure 6.12A and B. 
 
Fe3O4 Cap  Fe1-xO Cap 
 
Prefactor C  Power p Prefactor C Power p 
1m (3.59 ± 0.51)×10
-16
 2.97 ± 0.01 (3.05 ± 0.16)×10
-14
 2.72 ± 0.03 
2m (4.54 ± 0.63)×10
-15
 2.96 ± 0.02 (4.47 ± 0.49)×10
-13
 2.63 ± 0.03 
4m (1.03 ± 0.37)×10
-13
 2.96 ± 0.05 (6.31 ± 0.40)×10
-12
 2.64 ± 0.03 
 
 
Figure 6.13 Magnetization hysteresis loops obtained for 1, 2, and 4 m iron oxide 
capped SiO2 Janus particles with (A) Fe3O4 and (B) Fe1-xO caps measured by SQUID-
based MPMS
®
. The thickness of all Janus particle caps is 50 nm, and both types of Janus 
particles are close-packed on a 10 × 5 mm silicon wafer piece. The vertical black lines 
indicate the magnetic field applied by the U-shape magnet (0.008 T = 80 Oe) used in the 
experiments.  
 
In order to independently measure the magnetization, M, of the Janus particles used 
in this study, magnetization hysteresis loops of 1, 2 and 4 m Fe3O4- and Fe1-xO-capped 
Janus particles are measured by SQUID based MPMS
®
. Figure 6.13 shows the 
magnetization hysteresis loops for as-prepared 1, 2, and 4 m (A) Fe3O4- and (B) Fe1-xO-
capped particle monolayers on 10 × 5 mm Si-wafer pieces at fields ranging from -2000 to 
2000 Oe, respectively. The fact that the hysteresis loops for the three particle sizes 
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overlap for both particles with Fe3O4 and Fe1-xO caps is a clear indication that the 
magnetic property of the cap material is not affected by the curvature of the particle 
surfaces onto which it is deposited in the range studied. From further analysis of Figure 
6.13A and B, saturation magnetization values of Ms(Fe3O4) = 417 ± 15 emu/cm
3
 at ~0.06 
T and Ms(Fe1-xO) = 608 ± 17 emu/cm
3 
at ~0.1 T are obtained, respectively. The Ms(Fe3O4) 
value is in good agreement with the literature values for Ms(Fe3O4)lit = 254−480 
emu/cm
3
,
26,91
 while the Ms(Fe1-xO) is distinctly larger than the literature values, 
Ms(Fe1−xO)lit = 65−198 emu/cm
3
.
26,10
 Since the U-shaped magnet used for the JP doublet 
assembly has a magnetic field strength of 0.008 T (indicated by the vertical black lines), 
the iron oxide caps of the Janus particles have not reached their saturation magnetization 
in any of the JP doublet cases studied.  
 
Figure 6.14 Schematic drawing of a JP doublet in a magnetic field, B, and the magnetic 
dipole moments, m1 and m2, generated inside the magnetic cap. The blue arrows show the 
direction of the radial (Fr) and tangential forces (Fθ) acting between the magnetic Janus 
particles. 
 
6.2.3 Discussion 
In order to convert the prefactor C into a magnetization M, a theoretical description 
for the interaction between two magnetic dipoles needs to be found. The magnetic dipole-
dipole interaction force between the dipoles in the caps of two magnetic Janus particles is 
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composed of two components; the radial force, Fr, which acts along the particle-particle 
center line and the tangential force, F, which occurs due to the relative orientation of the 
two Janus particle caps with respect to the external field.
145
 Figure 6.14 shows the 
schematic drawing of a JP doublet in a magnetic field and the orientation of the magnetic 
dipole moments, m1 and m2, generated inside the iron oxide caps (solid orange). The 
angle θ is the angle between the external magnetic field direction and the line connecting 
the center of the two Janus particles.
2
 The radial and tangential forces are indicated by the 
blue arrows. The radial force applied to one dipole due to the presence of the other dipole 
is given by Equation 6.10a. 
                                0 1 2 1 2 1 24
3
[3cos cos cos( )]
4
r
m m
F
R

   

                              (6.10a) 
The corresponding tangential force is (Equation 6.10b): 
                                   0 1 2 1 2 1 24 [3sin cos sin( )]4
m m
F
R


   

                              (6.10b) 
where μ0 (=           ) is the vacuum permeability, R is the inter-particle distance, 
θ1 and θ2 are the angles between the direction of each magnetic dipole and the line 
connecting the two particle centers, and m1 and m2 are the magnetic moments of the two 
caps. When the two dipoles are pointing in the same direction and are aligned along the 
line connecting the two particle centers, the interaction between these two dipoles is 
attractive (θ1 = θ2 = 0°). When the two dipoles are parallel to each other and oriented 90° 
to the line connecting the two particle centers (θ1 = θ2 = 90°), the interaction between 
these two dipoles is repulsive. At any intermediate orientation (0 < θ1,2 < 90°), the 
combination of the radial and tangential forces will result in either an attractive or 
repulsive configuration. The JP doublet formation is the result of an attractive magnetic 
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dipole-dipole interaction and occurs between two identical Janus particles, which reduces 
Equation 6.10 to Equation 6.11a: 
                                                            Finter = 
2
0
4
6
4
m
R


                                                 (6.11a) 
Using the definition of the magnetic dipole moment: 
                                                                                                                   (6.11b) 
where Vmag is the volume of the magnetic cap and M is the magnetization at the applied 
field strength of 0.008 T Equation 6.11a is transformed to Equation 6.11c: 
                                                           Finter = 
2 2
0
4
6
4
magV M
R


                                           (6.11c) 
Integration of Equation 6.11c yields the expression for the attractive magnetic 
dipole-dipole (particle) interaction energy U(R) with the typical R
-3
 dependence of 
dipole-dipole interactions shown in Equation 6.11a after normalization with kBT. 
                                                  
2 2
0
3
/ /
2
mag
B B
B
V M
U k T FdR k T
R k T


     
                          
(6.12) 
Simplification of Equation 6.12 by combination of all constant parameters into the 
value C results in Equation 6.13a, where the composition of C is given in Equation 6.13b. 
Note, the value C in Equation 6.13 is identical to the prefactor C (Table 6.4) obtained 
from fitting of the experimental data in Figure 6.12 with a fit of the form U(R)/kBT = C 
(R)
-3
. 
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Rearranging Equation 6.13b for M gives Equation 6.13c: 
                                   
2
0
2 B
mag
k TC
M
V



                                              
(6.13c) 
Using Equation 6.13c and the values in Table 6.4, the magnetization values, 
M(Fe3O4) and M(Fe1-xO), for Fe3O4 and Fe1-xO capped silica particles, respectively, of 1, 
2, and 4 m diameter are calculated and summarized together with the M(Fe3O4) and 
M(Fe1-xO) obtained from the SQUID magnetic hysteresis curves in Figure 6.13. The 
M(Fe3O4) and M(Fe1-xO) values are given  in Table 6.5. 
 
Table 6.5 M(Fe3O4) and M(Fe1-xO) values calculated from prefactor C using Equation 
6.13c and SQUID magnetization hysteresis curves (Figure 6.14) for 1, 2, and 4 m 
diameter silica Janus particles capped with 50 nm Fe3O4 and Fe1-xO. 
 
M(Fe3O4) [emu/cm
3] M(Fe1-xO) [emu/cm
3] 
Technique Prefactor C SQUID Prefactor C SQUID 
1m 31 ± 2 31 ± 1 287 ± 8 275 ± 5 
2m 30 ± 2 32 ± 3 288 ± 16 293 ± 5 
4m 35 ± 6 37 ± 1 277 ± 9 279 ± 11 
 
Inspection of the values in Table 6.5 allows two conclusions. On one hand, the 
average M values calculated from the prefactor C are independent of the size of the base 
particle in good agreement with the independence seen in the SQUID magnetic hysteresis 
measurements (Figure 6.13). On the other hand, there is an excellent agreement between 
the M values calculated from the prefactor C and the ones obtained from the SQUID 
magnetization hysteresis measurements, indicating that the formation of JP doublets can 
be used as simple Janus particle magnetometer. 
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However, there is the apparent disagreement between the large M values obtained 
for the Fe1-xO capped system (Table 6.5, Figure 6.13) and the much lower Ms values 
found in the literature (Ms(Fe1−xO)lit = 65−198 emu/cm
3
).
10,26
 XPS data presented in 
Chapter 4 support the Fe1-xO material assignment, while the much stronger magnetic 
interaction is in good agreement with the faster doublet formation observed for the Fe1-xO 
system in Figure 6.10 (0.15 vs 0.25 s for Fe1-xO and Fe3O4, respectively). One potential 
explanation for these two disparate findings is that the Fe1-xO cap is partially comprised 
of pure iron (Ms(Fe) = 1745 emu/cm
3
).
94
 Using the literature Ms(Fe), Ms(Fe1-xO), and 
Ms(Fe3O4) values of 1745, 65-198, and 254-480 emu/cm
3
, respectively, and the 
experimental Ms(Fe1-xO) = 608 ± 17 emu/cm
3
 and Ms(Fe3O4) = 417 ± 15 emu/cm
3
 values 
obtained from the SQUID measurements, the cap composition is estimated for the Fe1-xO 
and Fe3O4 caps as (30 ± 3)% Fe and (70 ± 3)% Fe1-xO and (4 ± 7) % Fe and (96 ± 7)% 
Fe3O4, respectively. Assuming that a portion of the cap material near the particle surface 
is predominantly iron, while the majority of the cap and the very top surface of the cap 
are made of Fe1-xO is in good agreement with the XPS and EDS data presented in 
Chapter 4 and explains the larger than expected M(Fe1-xO) values. Combining the 30:70 
Fe:Fe1-xO and 4:96 Fe:Fe3O4 cap compositions and the M(Fe) = 501 ± 120 emu/cm
3
 
value obtained at 0.008 T for the as produced (note iron caps quickly oxidize when 
exposed to air or water – see Chapter 3) pure iron caps from our evaporation system 
(Figure 6.12C), M(Fe1-xO) = 181 ± 13 emu/cm
3
 and M(Fe3O4) = 18 ± 7 emu/cm
3
 are 
obtained as magnetization values for the Fe1-xO and Fe3O4 sections of the caps bringing 
both values within the range of literature Ms values.  
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As can be seen from the two examples given in Figure 6.10 and the doublet 
schematic shown in Figure 6.14, the two caps of the Janus particles face each other in the 
final configuration of a JP doublet. However, this is not necessarily the case during the 
approach of the two particles, as the particles are free to rotate around the axis parallel to 
the base of the Janus cap. The formation of twenty JP doublets from 4 m Fe3O4- and 
Fe1-xO-capped silica Janus particles have been analyzed and four distinct approach 
configurations, i.e., I cap-to-cap, II cap-to-side, III side-to-side, and IV cap-to-back, are 
observed as shown in Figure 6.15.  
 
Figure 6.15 Statistical distribution of approach configurations observed during JP 
doublet formation 4 m Fe3O4 and Fe1-xO capped SiO2 Janus particles. Four 
configurations are observed; I cap-to-cap, II cap-to-side, III side-to-side, and IV cap-to-
back approach configuration.  
 
Each configuration is characterized by a specific cap orientation and approach angle. 
The mirror positions with the same cap orientation and approach angle are counted 
towards the same approach configuration. In configuration I (C I) the caps of both Janus 
particles face each other (vertical position) with an approach angle range relative to the 
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direction of external magnetic field of DC = 40 ± 3° and SC = 32 ± 7° for Fe3O4- and 
Fe1-xO-capped Janus particles, respectively. In this case the caps of the Janus particles are 
not rotating during the approach, but right upon contact of the two particles the axis of 
the doublet tilts leading to final angles of DC = 52 ± 3° and SC = 43 ± 7° for Fe3O4- and 
Fe1-xO-capped JP doublets, respectively.
2
 Configuration II (C II) depicts the case, where 
one particle is in the vertical position, while the other has its cap oriented up or down, i.e., 
parallel to the bottom of the assembly cell (horizontal position), Note, the cap-up and 
cap-down configurations cannot be distinguished and are counted towards the same 
configuration. Upon approach of two particles in the C II approach configuration, the cap 
of the particle with the horizontal position will rotate into the vertical position upon 
contact, and the approach angle range is similar to that observed for C I. In configuration 
III (C III) both Janus particles are in the horizontal position and the approaching angle 
varies widely for this approach configuration. The caps rotate into the vertical position 
right after the particles make contact and the doublets will rotate into their final JP 
doublet configuration. In contrast to C I, configuration IV (C IV) describes the case 
where both Janus particles are in the vertical position but both caps point in the same 
direction. The two particles approach each other until they make contact with their cap 
orientation unchanged. Shortly after contact, one of the particles simultaneously rotates 
and slides into the final JP doublet configuration. Unsurprisingly, C I and CII are the 
most probable configurations, whereas C III and C IV are statistically less likely 
especially for the Fe3O4 capped particles. High resolution videos of JP doublet formation 
for Fe3O4 and Fe1-xO JP doublet formation are given in supporting information of Ref. 
116. 
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Table 6.6 Average particle interaction energy (U normalized by kBT), number of times 
observed in a sample of 17 (#obs), and magnetization (M), for Fe3O4 and Fe1-xO JP 
doublet formation for the four assembly configurations shown in Figure 6.15. 
 
U(Fe3O4)/kBT #obs M(Fe3O4) U(Fe1-xO)/kBT #obs M(Fe1-xO) 
C I 1230 ± 428 8 32 ± 6 1446 ± 340 5 280 ± 8 
C II 929 ± 283 7 37 ± 7 1139 ± 332 5 278 ± 6 
C III 392 1 36 1263 ± 221 4 281 ± 14 
C IV 404 1 33 631 ± 58 3 278 ± 4 
 
Table 6.6 provides the particle interaction energy U normalized by kBT for the four 
approach configuration (C I to C IV), the number of times each approach configuration is 
observed in a set of 17 JP doublet formations, #obs, and the magnetization value, M, 
calculated from the prefactor C for both Fe3O4 and Fe1-xO JP doublets. It is apparent from 
Table 6.6 that different approach configurations result in different U/kBT and M values. 
The two most probable configurations C I and C II have the highest U/kBT and M values 
with C I slightly higher than C II for both iron oxide caps. Interestingly, for Fe1-xO-
capped Janus particles, approach configuration C III is similar to C II, whereas C IV has 
the lowest values in good agreement with the number of observations (Table 6.6, Figure 
6.15). For Fe3O4-capped Janus particles, U/kBT and M are significantly smaller for 
approach configurations C III and C IV also consistent with the number of observations. 
Correlating these observations with the data shown in Figure 6.13C provides a rationale, 
i.e., energetically unfavorable approach configurations, for the observation of 
overlapping U(R) curves for Fe3O4- and Fe1-xO-capped particles. 
The rotation of the doublet angle after two Janus particles make contact can be 
rationalized by the merging of the two single magnetic dipoles into a new larger dipole 
upon contact of the magnetic caps. During the approach of the two Janus particles, the 
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radial force is the dominant driving force. Once the caps touch both radial and tangential 
forces will act on the Janus particles in the doublet and drive the dipoles to align into the 
most energetically favorable configuration. At this point a new common dipole forms that 
aligns the JP doublet with the external magnetic field resulting in the rotation of the JP 
doublet immediately after its formation to its final angle of either DC = 52 ± 3° or DC = 
43 ± 7°.  
 
6.2.4 Conclusion 
The magnetic dipole-dipole interaction of two types of iron oxide Janus particles is 
investigated, and the particle interaction energy between Janus particles exhibits the 
typical R
-3
 dependence. The angles of the JP doublets formed by Fe3O4 and Fe1-xO- 
capped Janus particles with respect to the direction of the external magnetic field are DC 
= 52 ± 3° and SC = 43 ± 7°, respectively, in good agreement with previous reported 
results (Chapter 3).
2
 A simple force balance in which the magnetic particle interaction 
force is equated with the drag force experienced by the Janus particles during approach, 
is used to calculate the magnetization, M, of the two iron oxide capping materials. 
Comparison of the M values obtained from the force balance with those obtained from 
SQUID magnetization hysteresis measurements shows excellent agreement supporting 
the use of Janus particle doublet formation for the determination of magnetization values 
for thin magnetic films. Four approach configurations for the formation of JP doublets are 
identified, with the most energetically favorable approach configuration being the one in 
which the Janus particle caps face each other prior and during approach. Comparison of 
the M values obtained for 1, 2, and 4 m iron oxide capped SiO2 particles shows that 
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particle curvature does not affect M. Overall, higher M values are found for Fe1-xO-
capped particles than for Fe3O4-capped particles.  
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Chapter 7 
Conclusions and Future Work 
7.1 Concluding Remarks 
This thesis work presents a series of studies of iron oxide based magnetic Janus 
particles from the fabrication of magnetic Janus particles and their assembly in external 
magnetic and AC electric fields to the investigation of their potential application. Iron 
oxide Janus particles with specific magnetic properties are fabricated that show 
characteristic assembly behaviors and can be assembled into complex structures in 
combined external electric and magnetic fields. The application of iron oxide Janus 
particles as in situ micro-viscometer and micro-magnetometer were successfully studied. 
Chapter 2 summarizes  recent advances with respect to fabrication, assembly, and 
application of magnetically anisotropic particles. First, the fabrication methods based on 
chemical, physical, and template-based approaches are reviewed. Next, the assembly 
behavior observed and structures obtained through the self- or field-directed assembly of 
magnetically anisotropic particles are described. Finally, the special properties of 
magnetically anisotropic particles and potential applications of structures assembled from 
such particles are summarized. From the review of previous works of magnetic JPs, it is 
apparent that there is a great need for the fabrication of magnetic JPs particles with well-
defined magnetic properties, their in-depth characterization, and their collective behavior 
in light of new and interesting applications in which Janus particles or their assemblies 
fulfill more complicated tasks. 
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Chapter 3 reported the fabrication of three types of iron oxide Janus particles by 
varying the deposition rate of iron in a 3:1 Ar/O2 atmosphere during physical vapor 
deposition. Each type of iron oxide Janus particle shows a distinct assembly behavior 
when an external magnetic field is applied, i.e., formation of staggered chains (Fe1-xO), 
double chains (Fe3O4), or no assembly (-Fe2O3). A detailed deposition rate diagram is 
obtained to identify the relationship between deposition rate and assembly behavior. The 
extent of iron oxidation is identified as the key parameter in determining the assembly 
behavior. In addition, the effect of particle volume fraction, thickness of the iron oxide 
cap, and assembly time on the final assembly behavior is studied. Cap thickness is shown 
not to influence the assembly behavior, while particle volume fraction and assembly time 
affect the chain growth rate and the chain length, but not the overall assembly behavior. 
The samples are characterized by optical, scanning electron, and atomic force microscopy.  
In Chapter 4, an array of materials characterization tools ranging from surface 
characterization (FE-SEM, AFM), compositional analysis (EDS, XPS), and crystal 
structure identification (TEM, HRTEM) was used to help elucidate the composition of 
the three iron oxide materials. While distinct differences were found between the three 
materials, XPS provided the most conclusive support for the assignment of Fe3O4, Fe1-xO, 
and -Fe2O3 to the cap materials of Janus particles with staggered, double, and no 
assembly behavior in an external magnetic field. In addition to the material 
characterization, magneto-optic Kerr effect measurements were performed to learn more 
about the magnetic properties of the caps. The measurements indicate that the caps are 
not saturated at the magnetic field of 0.008 T used in the experiments, that there is little 
CHAPTER 7. CONCLUSIONS AND FUTURE WORK                                               127 
 
difference in the magnetic properties of a 50 nm thin film and a 50 nm cap, and that 
magnetic hardness (coercivity) decreases from a pure iron to Fe3O4 to Fe1-xO cap.   
Chapter 5 investigated the assembly behavior of Fe3O4-capped Janus particles with 
magnetically and electrically anisotropic properties in overlapping external AC electric 
and static magnetic fields. Fe3O4 Janus particles form double and staggered chains in 
external static magnetic and AC electric fields, respectively. The responsiveness of Fe3O4 
Janus particles to sequentially applied AC electric and static magnetic fields in parallel 
and perpendicular field geometry is studied in order to elucidate to what extend the 
asymmetric nature of the Janus particle can be addressed independently by each field 
during assembly. A parallel field geometry leads to contraction of the Janus particle 
chains, whereas a perpendicular field geometry leads first to the rotation of the Janus 
particle chains towards the more dominant field followed by rhombohedral stacking of 
the chains into two-dimensional, two-particle thick sheets as a result of the weaker field. 
The Janus particle assembly behavior in each field geometry tested is parameterized by 
the characteristic angle, θ, and the inter-particle distance, d. The observed response of the 
Fe3O4 Janus particles is shown to be driven by the interaction of electric and magnetic 
dipoles generated in the caps by the external AC electric and static magnetic fields, 
respectively as well as the polarization of the polystyrene particle. Reversibility of the 
assembly behavior correlates strongly with the fact that the electric dipoles disappear 
immediately after the AC electric field is turned off, whereas the magnetic dipoles remain 
permanently in the Fe3O4 caps even after the static magnetic field is removed. As a result, 
the Fe3O4 Janus particle assembly behavior is responsive to both the electric and the 
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magnetic fields and their behavior can be manipulated by the sequence and relative 
orientation of the external fields. 
Chapter 6 tested the potential application of magnetic Janus particles as in situ 
micro-viscometer and micro-magnetometer. For the in situ micro-viscometer, iron oxide 
(Fe3O4) Janus particles were assembled into staggered chains parallel to the field lines in 
an AC electric field followed by application of an external magnetic field, which led to 
the contraction of the staggered chains into double chains. The relation between the 
viscosity of the surrounding solution and the contraction rate of the iron oxide Janus 
particle chains is studied. Further, the influence of particle size and chain length (i.e., 
number of particles in chain) on the contraction rate is investigated. Addition of 
increasing amounts of glycerol to the aqueous system reveals that the contraction 
dynamics strongly correlate with the viscosity of the solution. The average chain 
contraction rate for each particle size can be fitted in the low viscosity range from 1 to 30 
mPa∙s with a power function of the form
0.9
A B
 
 , in which the coefficients A and B are 
particle-size, electric field, and magnetic field dependent constants. Using this function, 
the viscosity of an unknown solution can be determined, thereby pointing to the potential 
application of these Janus particle chain assemblies as in situ micro-viscometers.  
For the micro-magnetometer application, the magnetic properties of nanometer thin 
iron oxide films were studied by means of the dipole-dipole interaction between pairs of 
Janus particles. Two types of iron oxide (Fe3O4 and Fe1-xO) Janus particles are fabricated 
through physical vapor deposition (PVD). The iron oxide capped Janus particles form 
cap-to-cap doublets in an external magnetic field due to their magnetic interactions. The 
particle interaction energy during doublet formation is determined using a simple force 
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balance between the drag force experienced by the particles in the fluid and the magnetic 
attractive force between the Janus particles during doublet formation. 1, 2, and 4 m iron 
oxide capped SiO2 Janus particles are used for the measurements. The attractive energy 
of the doublet formation shows the expected ~R
-3
 dependence on inter-particle distance 
(R) for all particle sizes and the attractive energy increases as Janus particle size increases. 
Magnetic hysteresis loop measurements using SQUID confirm the magnetization values 
obtained for the two iron oxide films obtained from the Janus particle doublet formation. 
In addition, 4 m iron oxide capped sulfate terminated polystyrene (sPS) particles are 
used as base particle to illustrate the independence of the magnetization measurement 
from the base particle. 
In summary, this thesis work resulted in a novel fabrication method that allows the 
manipulation of the magnetic properties of iron oxide Janus particles. Owing to the 
electric and magnetic properties of iron oxide, iron oxide Janus particles give access to 
programmable assembly in external AC electric and magnetic fields. Using the 
fundamental assembly properties of iron oxide Janus particles, an in situ micro-
viscometer and a micro-magnetometer application were proposed and successfully tested 
forming the basis for new research directions as discussed in the following section.  
 
7.2 Future Work 
Specific thoughts for future research directions based on the results of this thesis are: 
1. Double-patch particle fabrication and assembly. Combining the GLAD technique 
and the magnetic property manipulation of iron oxide caps, two patches of iron 
oxide can be deposited on the opposite poles of a spherical particle. The assembly 
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of these double-patch particles in external fields may lead to complex 2D or 3D 
structures with potential optical and photonic applications. Different stable 
packing structures might be obtained by varying the patch size and position on the 
surface of the particle. 
2. Shape and surface anisotropic particle fabrication and assembly. Polymer based 
particles, such as PS and PMMA particles can be partially melted or swelled at 
temperatures above their glass transition temperature (> tg) or in organic solvents, 
respectively. Either Janus or patchy particles can be processed in these two ways 
to obtain both shape and surface anisotropy. The shape anisotropy will provide an 
additional parameter that can be explored in basic building blocks of new types of 
materials with specific properties.  
3. Inverse patchy particle (IPP). IPPs are particles with patch sizes larger than 50%. 
Fabrication of IPPs requires a modified GLAD technique, in which the 
monolayers are loosely packed (to avoid shadowing effect) and the sample stage 
is tilted and rotated during the patch fabrication process. The surface coverage of 
the particle can be controlled by the metal vapor incident angle. The dipole-dipole 
interaction of IPPs is expected to be different from Janus, patchy, and bulk 
magnetic particles and as such may lead to novel assembly behaviors.  
4. Assembly of Janus particles of mixed sizes and cap materials. Three combinations 
for Janus particle assembly in external AC electric and/or magnetic field should 
be tested; (i) different size and same cap material, (ii) different cap material and 
same size, and (iii) different size and different cap material. This self-assembly 
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may again lead to various new assembly structures by manipulating the strength 
and orientation of the external fields. 
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Appendix A 
Average Chain Contraction Rate (kc,avg) Calculations 
Table A.1 Chain length change, L, contraction time, tc, and contraction rate, kc, for 1, 2, 
and 4 m particles in G:W ratios of 0:1, 1:4, 1:2, 1:1, and 2:1. 
G:W ratio dP = 1m dP = 2m dP = 4m 
 L tc kc L tc kc L tc kc 
0:1 2.0 0.6 3.5 4.1 0.6 7.1 9.1 1.2 7.6 
 2.0 0.9 2.2 3.8 0.6 6.4 13.5 1.6 8.2 
 3.5 0.9 3.9 2.4 0.4 6.0 13.3 1.7 7.8 
 2.6 0.6 4.3 4.6 0.8 5.9 10.7 1.3 8.2 
 2.3 0.6 3.9 9.0 1.3 6.8 11.2 1.5 7.4 
 3.5 1.1 3.2 5.1 0.8 6.4 7.2 0.9 8.0 
 3.0 0.9 3.6 5.1 0.9 5.7 11.2 1.3 8.6 
 3.5 1.3 2.7 3.3 0.6 5.6 6.0 0.9 6.7 
 2.6 0.7 3.8 8.4 1.4 6.0 8.8 1.2 7.4 
 2.8 1.0 2.8 3.3 0.5 6.5 8.8 1.4 6.3 
    4.4 0.8 5.5    
    5.5 0.9 6.1    
    3.7 0.6 6.2    
kc,avg   3.4±0.6   6.2±0.5   7.6±0.7 
1:4 1.6 0.4 4.2 2.6 0.5 4.9 10.7 1.4 7.8 
 1.2 0.5 2.3 4.0 0.7 5.6 5.3 0.8 6.7 
 1.8 0.7 2.5 3.3 0.7 5.0 7.2 1.0 7.2 
 2.1 0.8 2.6 3.0 0.6 5.2 9.5 1.5 6.4 
 4.2 1.7 2.5 2.8 0.5 5.6 13.0 2.2 6.1 
 1.9 0.5 3.7 4.4 1.0 4.7 10.7 1.5 7.1 
 2.1 0.6 3.5 2.8 0.6 5.0 6.7 1.0 6.7 
 3.5 1.3 2.7 3.0 0.6 4.8 5.6 0.9 6.2 
 2.1 0.8 2.8 2.6 0.6 4.3 4.9 0.7 7.0 
 2.3 0.7 3.3 3.0 0.6 5.1 8.6 1.5 5.9 
    3.0 0.6 5.3 8.1 1.2 6.8 
kc,avg   3.0±0.6   5.0±0.4   6.7±0.5 
1:2 1.3 0.7 1.9 3.5 1.4 2.5 9.8 2.0 5.0 
 1.3 0.6 2.1 2.7 0.6 4.4 11.9 2.0 6.0 
 2.0 1.4 1.4 4.1 1.0 4.1 6.7 1.3 5.2 
 3.4 4.3 0.8 2.8 1.0 2.9 4.4 1.1 4.0 
 2.1 0.8 2.6 2.1 0.8 2.6 10.9 2.3 4.8 
 1.6 0.6 2.7 4.0 1.4 2.8 6.7 1.7 4.0 
 1.9 1.1 1.7 4.7 1.3 3.6 6.0 1.4 4.3 
 1.9 1.0 2.0 3.5 0.9 3.9 7.0 1.5 4.7 
 3.0 1.2 2.6 3.3 1.0 3.3    
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 2.6 1.5 1.7 3.3 1.2 2.7    
 2.6 1.2 2.1 4.7 1.1 4.2    
 3.0 1.3 2.3       
kc,avg   2.0±0.6   3.4±0.7   4.7±0.7 
1:1 4.8 2.9 1.6 3.5 1.6 2.2 5.3 2.0 2.7 
 2.5 2.3 1.1 1.9 3.3 0.6 4.9 1.4 3.5 
 3.2 2.1 1.5 1.9 1.0 1.9 10.5 2.3 4.5 
 1.8 1.0 1.8 3.7 1.4 2.7 7.2 1.8 4.1 
 2.7 1.6 1.7 2.8 1.4 2.0 10.4 2.1 5.0 
 1.6 1.2 1.4 4.2 1.9 2.2 8.8 2.6 3.4 
 2.3 1.4 1.7 4.4 2.5 1.8 8.4 2.7 3.1 
 1.4 2 0.7 2.6 1.6 1.6 7.0 3.2 2.2 
 1.6 2.8 0.6 4.2 1.7 2.5 5.1 2.2 2.3 
 3.0 1.9 1.6 3.7 1.8 2.1 5.6 1.9 2.9 
 2.1 1.9 1.1 4.2 2.2 1.9 7.0 2.1 3.3 
    2.6 1.2 2.1 7.4 2.9 2.6 
    2.8 1.2 2.3 5.6 2.3 2.4 
       6.0 1.7 3.6 
       7.0 2.0 3.5 
       5.6 1.7 3.3 
       5.6 2.0 2.9 
kc,avg   1.3±0.4   2.0±0.5   3.2±0.8 
2:1 2.0 1.8 1.1 5.7 2.3 2.5 4.4 1.8 2.5 
 1.9 2.0 0.9 2.0 0.8 2.5 5.4 1.6 3.4 
 4.9 7.9 0.6 1.5 1.5 1.0 4.4 1.0 4.4 
 7.3 7.5 1.0 4.9 3.7 1.3 4.7 3.6 1.3 
 2.0 2.6 0.8 5.3 3.7 1.5 5.1 3.1 1.7 
 2.0 3.0 0.7 4.9 3.8 1.3 6.0 3.3 1.8 
 1.2 1.4 0.8 3.0 3.6 0.8 5.1 2.5 2.0 
 2.3 2.0 1.2 4.0 5.9 0.7 6.5 3.9 1.7 
 2.1 3.0 0.7 4.9 4.5 1.1 6.5 4.5 1.4 
    4.0 5.3 0.7 7.9 5.8 1.4 
    4.4 5.4 0.8 5.1 4.9 1.0 
    5.3 7.8 0.7 5.1 2.6 2.0 
    4.4 3 1.5 7.9 4.9 1.6 
    5.3 3.5 1.5    
    4.9 3 1.6    
kc,avg   0.9±0.2   1.3±0.6   2.0±0.9 
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Appendix B 
B.1 Derivation of Equation 6.7 
In a first approximation, three forces act on the particle during chain contraction; (i) 
the electric dipole-dipole force caused by the applied electric field that holds the Janus 
particles in a staggered configuration, (ii) the magnetic dipole-dipole force that pulls the 
Janus particles into a double chain configuration, and (iii) the drag force, which opposes 
the particle motion due to the surrounding medium. The total sum of these forces has to 
be zero assuming that inertial forces can be neglected leading to Equation B.1: 
                                                     mag electric dragF F F                                                (B.1) 
The magnetic dipole-dipole interaction force can be obtained from the literature as 
shown in Equation B.2,
138
 where o =             is the magnetic permeability of 
vacuum, m1 and m2 are the magnetic dipole moments of two interacting Janus particles, 
and r is the distance between the two particles. For simplification, we set the magnetic 
force equal to coefficient C. 
                                                     0 1 2
4
6
4
mag
m m
F C
r


                                                (B.2) 
The electric dipole-dipole interaction force is given in Equation B.3, where p1 and 
p2 are electric dipole moments of the two interacting Janus particles, 0 = 8.854×10
-12 
F/m 
is the vacuum permittivity, r is the complex dielectric constant, and r is the distance 
between the centers of two particles. We simplify the equation by introducing the 
coefficient D. Note, coefficient D does not include the complex dielectric constant (  ). 
                                                 1 2
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1 1
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r r
p p
F D
r  
                                            (B.3) 
APPENDIX B                                                                                                                  135 
 
   is calculated from Equation B.4, in which 1 is the dielectric constant of water, 2 
is the dielectric constant of glycerol, e is the complex dielectric constant of the 
glycerol/water mixture, and f is the fraction of water and glycerol. The glycerol (glycerol = 
42.5) to water (water =80.7)
140
 ratios are adjusted to get different viscosities. 
                                                    1 2
1 2
1 2
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2 2
e e
e e
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   
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 
 
 
                                     (B.4) 
Calculating the e for the G:W ratios used in this study, we obtain the graph shown 
in Figure 6.8. A power fit of the data in Figure 6.8 yields a power coefficient of -0.1 for 
the complex dielectric constant,   , with respect to the viscosity, , Equation B.5. 
Coefficient E is introduced in Equation B5 for simplification. For the glycerol/water 
system E = 79.6. 
                                                            0.1r E 
                                                        (B.5) 
The drag force is given by Equation B.6, where  is the viscosity, R is an effective 
particle radius, and vP is the particle velocity. The coefficient F is introduced for 
simplification. Note, F does not include  and vP is related to kc by kc = 2vP 
                                             6 3drag p c cF Rv Rk F k                                    (B.6) 
Inserting Equations B.2, B.3, and B.6 into Equation B.1 results in equation B.7: 
                                                           
1
c
r
C D F k

                                                  (B.7) 
Rearranging Equation B.7 and substituting the complex dielectric constant    with 
Equation B.5, we obtain an expression for the chain contraction rate, kc, Equation B.8: 
                                                        
0.9
1 1
c
D C
k
EF F 
                                                  (B.8) 
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Replacing coefficients C, D, E and F by their original expressions, Equation B.9 is 
obtained: 
                                             0 1 21 2
2 4 0.9 2 4
0
1 1
955 2
c
m mp p
k
R r Rr

    
                                      (B.9) 
Simplification of Equation B.9 through introduction of coefficients A and B, yields 
Equation 6.7, which describes the relation between the Janus particle chain contraction 
rate and the viscosity of a specific medium. 
                                                              
0.9c
A B
k
 
                                                       (6.7)
 
Coefficient A describes the electric properties of the system and is particle-size 
dependent, whereas coefficient B summarizes the magnetic properties of the system and 
is also particle-size dependent. 
 
B.2 Fitting Procedure for Coefficients A and B  
The values for coefficients A and B are determined by a least square fitting (LSF) 
procedure of Equation 6.7 to the experimental data with the constraint that the deviation 
between experimental and calculated values is always smaller or equal to the 
experimentally determined error ranges. Coefficients A and B determined by the LSF 
procedure and their ranges are summarized in Table 6.3. The ranges given for the 
coefficients at each particle size are obtained using a Matlab routine that determines all 
combinations of coefficients A and B (Figure B.1) that result in fits within the 
experimentally determined error ranges of the kc,avg values. 
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Figure B.1 Ranges for coefficients A and B fulfilling Matlab fitting criteria for (A) 1 m, 
(B) 2 m, and (C) 4 m particle systems. 
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